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Cytochrome P450 aromatase is a steroidogenic enzyme catalyzing the 
conversion of androgens to estrogens. In teleosts, estradiol-17/3 is the main 
estrogen essential for hepatic vitellogenin synthesis and oocyte development. 
The regulation of the ovarian aromatase activity and expression has been well 
documented in mammals, however, little information is available on its control in 
teleosts. 
Using a semi-quantitative RT-PCR assay, the present study first examined the 
developmental patterns of aromatase expression in both the zebrafish ovary during 
sexual maturation and the ovarian follicles of different developmental stages, 
followed by the investigation of its regulation in the ovarian fragments, freshly 
isolated intact follicles or the cultured follicle cells. Two distinct developmental 
expression profiles of aromatase were demonstrated. Zebrafish aromatase 
expression in the whole intact ovary increased markedly from the pre-pubertal 
stage to peri-pubertal stage and continued to increase throughout the process of 
vitellogenesis. In the ovarian follicles isolated from sexually mature zebrafish, 
the expression of aromatase was very low in the primary growth stage before 
vitellogenesis, but increased dramatically with the start of vitellogenic growth and 
reached the maximal level in the mid-vitellogenic follicles. However, its 
expression level abruptly decreased in the fully-grown follicles prior to oocyte 
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maturation. 
When incubated in vitro, the cultured mid-vitellogenic follicles had the 
aromatase expression drastically declined over the six-day culture. The level of 
expression in ovarian fragments or freshly isolated intact mid-vitellogenic 
follicles was significantly upregulated by h C G (10 lU/ml) in dose- and 
time-dependent manners. Besides, the expression of aromatase in the ovarian 
fragments was markedly stimulated by goldfish pituitary extract (30 /zg/ml). The 
stimulation by gonadotropins (hCG and pituitary extract) could be mimicked in 
the cultured zebrafish ovarian follicle cells by dibutyryl-cAMP (db-cAMP), a 
c A M P analog, and forskolin，an activator of adenylate cyclase, in dose- and 
time-dependent manners, suggesting that the intracellular c A M P pathway is 
involved in the regulation of aromatase expression. Furthermore, the db-cAMP 
(0.3 mM)-stimulated expression was effectively blocked by H89, a specific 
inhibitor of protein kinase A (PKA), at 10 /xM, indicating that its regulation by 
c A M P and possibly gonadotropin(s) is mediated via the cAMP-PKA pathway. In 
addition, the aromatase expression in ovarian fragments was significantly 
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Steroids are essential components of the endocrine control of vertebrate 
reproduction. The reproductive development in vertebrates is critically 
dependent on the proper regulation of the biosynthesis of sex steroids. In the 
female, the growth and maturation of ovarian follicles strictly depend on the 
dynamic secretion of sex steroids, which is dictated by various steroidogenic 
enzymes (Hillier, 1985; Nagahama et al.，1995). 
Among all, estradiol-17/5 (E2) is one of the most important sex steroids in 
vertebrates. In both males and females, E2 programs and coordinates 
developmental, physiological and behavioral responses essential for reproduction. 
In the ovary, locally produced E2 contributes in a coordinated manner to the 
intra-ovarian regulation of follicle development (Britt & Findlay, 2002; Findlay et 
al., 2001). 
The biosynthesis of E2 from androgens is catalyzed by the enzyme 
aromatase, the product of cypl9 gene (Nebert & Gonzalez, 1987; Simpson et al., 
1994). In vertebrates, aromatase expression occurs mainly in the gonads and 
brain (Simpson et al., 1994). It is generally believed that, in teleosts, the ovarian 
aromatase is not only responsible for E2 production, which is important for 
follicle growth and development, but also involved in the steroidogenic shift, 
which governs the transition of follicle development from growth to maturation 
(Kagawa et al., 1983; Kanamori et al., 1988; Young et al, 1983b; Young et al., 
1983c). As a result, the appropriate expression of this enzyme and its regulation 
are crucial for normal ovarian development and thus, reproduction in teleosts. 
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1.1 structure of vertebrate ovarian follicles 
Vertebrate ovary consists of germ cells (oogonia and oocytes) and their 
surrounding follicle cells, supporting tissues (stroma), and vascular and nervous 
tissues (Nagahama et al., 1995). In the ovary, there are numerous follicles. A 
typical follicle consists of an innermost oocyte, the surrounding inner layers of 
granulosa cells and outer layers of theca cells (Gougeon, 1996; Hardy et al., 2000; 
McGee & Hsueh, 2000). 
In mammals, growing follicles can be subdivided into four major stages: 
primordial, primary (early growing), secondary (preantral) and antral stage (Hardy 
et al, 2000; McGee & Hsueh，2000). In the earliest primordial stage, the oocyte 
is surrounded by only one layer of squamous pregranulosa cells and the meiotic 
division is arrested at the diplotene stage (Hardy et al., 2000). The growth of the 
ovarian follicle is characterized by a dramatic proliferation of granulosa cells and 
formation of an antrum, though the size of oocyte also increases significantly 
(Hardy et al, 2000; McGee & Hsueh, 2000). The largest antral (pre-ovulatory) 
follicle is composed of outer layers of theca cells, multiple layers of mural 
granulosa cells, an enlarged oocyte surrounded by multiple layers of cumulus 
granulosa cells and a large antral cavity filled with follicular fluid. 
In teleosts, however, the story is rather different. Follicle growth is primarily 
attributed to the enormous growth of oocyte, which involves the accumulation of 
yolk proteins derived from the liver (Wallace & Selman, 1981). After oogonia 
undergo proliferation by mitotic divisions, they enter a period of growth by an 
unknown initiation mechanism (Nakamura et al, 1993). Generally, the follicle 
growth in teleosts can be temporally subdivided into four principal stages: 
primary growth stage, cortical alveoli stage, vitellogenesis stage and maturation 
stage (Selman et al., 1993; Wallace & Selman, 1981). At the beginning of the 
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follicle growth, each oocyte is surrounded by a few squamous follicle cells only 
(Selman et al.，1993). As the oocyte grows, the follicle cells multiply and form a 
continuous granulosa cell layer. At the same time, the su r rounding stromal 
connective tissue elements become organized to form a distinct outer layer of the 
follicle envelope, the theca cell layer. Therefore, the vitellogenic and fully 
grown post-vitellogenic oocytes are surrounded by two major cell layers, an outer 
theca cell layer and an inner granulosa cell layer, which are separated by a distinct 
basement membrane (Nagahama et al, 1995). 
1.2 Steroidogenesis in the ovary 
The primary control of steroid hormone biosynthesis is through regulation of 
the expression of steroidogenic enzymes . Timely changes in steroid hormone 
production are fundamental to reproduction and are a direct result of alternations 
in the activity of one or more steroidogenic enzymes. There are several key 
enzymes that play important roles in the steroidogenesis in the vertebrate ovary. 
T h e y include cytochrome P 4 5 0 side-chain cleavage (P450scc), 3/3-hydroxysteroid 
dehydrogenase (3/?-HSD), cytochrome P450 ITce-hydroxylase (P450ci7)， 
cytochrome P450 17，20 lyase (P450i7, 20 lyase), 17/5-hydroxysteroid 
dehydrogenase (17|S-HSD), aromatase and 20i(3-hydroxysteroid dehydrogenase 
(20/3-HSD) (Fig, 1-1). 
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Fig. 1-1 Steroid structure, synthesis pathways, and the catalyzing enzymes 
within the ovarian steroidogenic pathways. Several enzymes are 
involved in the steroidogenesis including cytochrome P450 side-chain 
cleavage (P450scc), 3i3-hydroxysteroid dehydrogenase (S/S-HSD), 
cytochrome P450 17o!-hydroxylase (P450ci7), cytochrome P450 17，20 
lyase (P450i7,2o lyase), 1 TjS-hydroxysteroid dehydrogenase (17/3-HSD), 
aromatase and 20i3-hydroxysteroid dehydrogenase (20/5-HSD) (Sampath 
Kumar R, et al，2000). 
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In general, steroidogenesis is an interdependent series of metabolic pathways, 
but the relationship between androgens and estrogens is particularly intimate since 
estrogen synthesis is totally dependent on androgen substrate supply 
(Gore-Langton & Armstrong，1994). This dependence indicates the need for 
coordinated regulation of the enzymes catalyzing the synthesis of androgens and 
estrogens. Consistent with this idea, evidence from studies on ovarian follicular 
tissues from several species indicates that aromatase expression is tightly 
correlated with the expression of P450ci7 and therefore androgen synthesis 
(Boerboom et al., 1999; Fortune, 1994). The greatest degree of coordination 
might be achieved by expressing all the necessary enzymes in a single 
steroidogenic cell that responds to a single physiological cue by upregulating the 
expression of all requisite enzymes. However, under most circumstances in 
which estrogens are synthesized in large amounts, androgen substrates are 
synthesized in a different cell or even a different tissue. The 'two cell theory' of 
steroidogenesis has been proposed to elucidate this phenomenon (Hillier et al., 
1994). 
1.2.1 Two-cell-type model 
Steroidogenesis in the ovarian follicles is under tight control by gonadotropins. 
A 'two cell - two gonadotropin' model involving the cooperation of the two cell 
types (theca and granulosa cells) for the production of steroids was first proposed 
in mammals to define the relationship between granulosa/theca cells and FSH/LH 
in the E2 production during folliculogenesis (Hillier et al., 1994). According to 
this model, LH first stimulates androgen production in the theca cells, which is 
then converted to E2 in the granulosa cells by FSH-induced aromatase. 
In fish, based on the distinct capabilities of isolated theca and granulosa layers 
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in steroid production, a similar 'two-cell-type model' has also been proposed for 
the ovarian steroid production (Nagahama et al.’ 1995). During vitellogenesis, 
gonadotropins stimulate testosterone production in the theca cells, which is then 
converted to E2 in the granulosa cells by the aromatase. E2 is in turn transported 
to the liver to stimulate vitellogenin synthesis (Nagahama et al., 1995). Another 
steroid production described in this model is the maturation-inducing hormone, 
170； 20/3-dihydroxy-4-pregnen-3-one (DHP). In response to gonadotropins, the 
theca cells produce 1 Ta-hydroxyprogesterone, which is then converted to D H P in 
the granulosa cells by 20/3-hydroxysteroid dehydrogenase (20j8-HSD), whose 
activity is rapidly enhanced by gonadotropins prior to oocyte maturation 
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Fig. 1-2 Two-cell-type model for the production of estradiol-17/3 and 17o; 
20i3-dihydroxy-4-pregnen-3-one during fish oocyte growth and 
maturation. During vitellogenesis, gonadotropins stimulate the theca 
cell to produce testosterone, which is then converted to estradiol-17j8 by 
aromatase in the granulosa cell. Upon gonadotropins stimulation, theca 
cell produces 1 Ta-hydroxyprogesterone, which is then converted to 17q; 
20j8-dihydroxy-4-pregnen-3-one by 20|8-hydroxysteroid dehydrogenase 
(20/5-HSD) in the granulosa cell (Nagahama Y，1994). 
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1.2.2 Steroidogenic shift 
It is well known that, in teleosts, there is a distinct shift from estrogenic to 
progestational steroid production during the transition from vitellogenesis to 
oocyte maturation in a variety of teleost species (Planas et al., 2000; Sakai et al., 
1987; Scott et al., 1984; Scott et al, 1983; Van der Kraak & Donaldson, 1986; 
Young et al., 1983a; Young et al, 1983b). Aromatase and 20iS-HSD are the key 
enzymes involved in this steroidogenic shift. 
During vitellogenesis, there is a high level of plasma E2, which decreases 
rapidly prior to oocyte maturation (Kagawa et al” 1983). Similarly, the 
aromatase activity in granulosa cells increases during vitellogenesis and drops 
rapidly in association with the ability of the oocyte to mature in response to 
gonadotropin (Chang et al, 1997; Kanamori et al., 1988; Young et al., 1983b). 
Immediately prior to this period, granulosa cells acquire the capacity to synthesize 
20|8-HSD to catalyze the conversion of 1 Ta-hydroxyprogesterone to D H P in 
ovarian follicles in response to gonadotropin (Kanamori et al, 1988; Young et al., 
1983c). 
This distinct shift in steroidogenic activity from aromatase to 20i3-HSD in 
granulosa cells prior to oocyte maturation is a prerequisite step for oocytes to 
switch from growth to maturation, which bring about proper folliculogenesis 
events for reproduction. 
1.3 Aromatase 
1.3.1 Structure 
Aromatase is a member of the cytochrome P450 superfamily of enzymes, 
and it belongs to a subgroup referred to as the steroid hydroxylases (Conley & 
Hinshelwood, 2001). The c D N A encoding aromatase has been cloned in a broad 
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range of vertebrates, including the human (Corbin et al., 1988; Harada, 1988)， 
chicken (McPhaul et al., 1988), rat (Hickey et al., 1990), mouse (Terashima et al., 
1991)，rainbow trout (Tanaka et al., 1992)，bovine (Hinshelwood et al., 1993), 
channel catfish (Trant, 1994)，medaka (Fukada et al., 1996)，tilapia (Chang et al.， 
1997)，goldfish (Tchoudakova & Callard，1998)，Atlantic stingray (Ijiri et al., 
2000)，zebrafish (Chiang et al., 2001b)，European sea bass (Dalla Valle et al., 
2002) and Japanese eel (Ijiri et al, 2003). 
Consistent with its fundamental biological importance, aromatase is highly 
conserved among all vertebrates, and demonstrates 50-90% peptide sequence 
identity between fish and mammalian forms of the enzyme (Conley & 
Hinshelwood, 2001). 
Interestingly, goldfish and zebrafish express two subtypes of aromatase, with 
cypl9a expressed abundantly in the ovary whereas cypl9b found mainly in the 
brain (Chiang et al, 2001a; Tchoudakova & Callard，1998). The two goldfish 
aromatase isoforms share 62% sequence identity with each other (Tchoudakova & 
Callard, 1998). Whereas the two in zebrafish share 61% overall sequence 
identity, but each isoform is 88% identical with the corresponding -a or -b isoform 
of goldfish (Kishida & Callard，2001). 
1.3.2 Function 
Aromatase is the enzyme that catalyzes the synthesis of estrogens from 
androgens, and therefore it plays an important role in determining the 
physiological balance between sex steroid hormones, which are critical in 
controlling reproductive functions. 
Many diseases and conditions affecting fertility and general health are 
accompanied by aberrations in androgen or estrogen metabolism (Sasano & 
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Harada, 1998). Evidence to support this contention is provided by studies of 
individuals suffering from genetic abnormalities affecting steroidogenic enzymes 
(White, 1994) or steroid receptors (Couse & Korach, 1999), as well as from 
studies using knockout mice. The associated clinical phenotypes include infertility 
and reproductive failure, accompanied by altered somatic growth, mineral 
metabolism and even altered cardiovascular function in some cases (Simpson, 
2000). Therefore, the balance between androgen and estrogen production is not 
only essential for normal sexual development and reproduction, but also for the 
normal growth and physiological well being of both sexes. Activity arising from 
the enzyme aromatase, uniquely positioned to affect both androgen metabolism 
and estrogen synthesis, has unusual potential to influence the balance of both 
classes of sex steroid hormones. As a result, this enzyme can have both subtle 
and profound effects on reproduction as well as general health. 
Estrogens regulate biochemical and physiological processes within various 
tissues through endocrine, paracrine, and/or autocrine actions. The major 
estrogen, estradiol-17/3 (E2), is known to influence a number of physiological 
events, including hepatic vitellogenesis in non-mammalian vertebrates, germ cell 
development (Billard, 1992; Wallace & Selman, 1985) and temperature-dependent 
sex determination (Cardwell & Liley，1991; Wibbels et al.，1991). 
Besides, E2 and its analogues have direct influence on folliculogenesis in 
which they exert both proliferative and differentiative effects on somatic cells of 
the follicles. Nevertheless, definitive proof of an obligatory role for estrogen in 
folliculogenesis and elucidation of the mechanisms underlying its different actions 
in follicular cells remains elusive. The advent of an estrogen-deficient mouse 
model (ArKO) by target disruption of the cypl9 gene encoding the enzyme 
aromatase has thrown new light on defining the actions of estrogen in early 
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folliculogenesis in a more precise way. 
Studies on the ArKO mouse models showed that female ArKO mice had 
undetectable levels of aromatase and estrogens, but exhibited high levels of serum 
testosterone, follicle-stimulating hormone (FSH) and luteinizing hormone (LH) 
(Britt et al, 2000; Fisher et al., 1998). Not surprisingly, these mice were infertile 
(Toda et al., 2001)，with folliculogenesis arrested at the antral stage, and no 
corpora lutea were present (Fisher et al., 1998). 
These models demonstrate that estrogen is obligatory for normal 
folliculogenesis and that the phenotype of the ovarian somatic cells is critically 
dependent on the steroid milieu. 
1.3.3 Mechanism of aromatase action 
Testosterone and androstenedione are the most common substrates for 
aromatase action. Typically, aromatase incorporates oxygen into the substrates 
by reactions that are dependent on efficient electron transfer from donor 
molecules. However, the catalytic process leading to the aromatization of 
androgens is unusually complex. It requires the sequential transfer of three pairs 
of electrons and consumes three moles of oxygen and three moles of reduced 
N A P D H in the synthesis of one mole of estrogen. The reaction is thought to 
involve two consecutive hydroxylations at the CI9 methyl group of the steroid 
substrate, forming 19-hydroxy and eventually 19-oxo-intennediates. A third 
oxidative event, which is still debated (Akhtar et al., 1997)，culminates in the 
cleavage of the angular CI 9 methyl group, aromatization of the steroid A ring and 
estrogen formation (Conley & Hinshelwood，2001) (Fig. 1-3). 
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Fig. 1 -3 Putative mechanism of aromatase reaction. The aromatase is responsible 
for binding of the C19 androgenic steroid substrate and catalyzing a 
series of reactions leading to the formation of the phenolic A ring 
characteristic of estrogens (Graham-Lorence S, et al, 1991). 
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1.3.4 Expression 
Aromatase expression is mainly restricted to the gonads and brain in 
vertebrates, from fish to mammals. In the ovary, aromatase is expressed in the 
granulosa cells of developing follicles and its expression level is much higher in 
the pre-ovulatory follicles than in the small follicles (Hickey et al.，1988). In 
addition to follicles, aromatase is also expressed in the post-ovulatory corpus 
luteum (Doody et al., 1990). In the testes, aromatase activity is found in the 
Sertoli cells before puberty and in the Leydig cells of adult male rodents (Abney, 
1999). 
In addition to the gonads and brain, the principal sites where aromatase is 
expressed, the enzyme has also been reported to exhibit wide tissue distribution. 
In humans, besides expression in the gonads and brain, aromatase expression is 
also detected in the placenta, adipose cells, skin fibroblasts, as well as in fetal 
liver and other fetal tissues. Such a wide distribution of the aromatase 
expression is due to the use of various tissue-specific promoters (Simpson et al., 
1994). 
In teleosts, aromatase expression has been documented in the ovary (Lin et 
al, 1991; Young et al., 1983b), testis (Kadmon et al., 1985; Rosenblum et al., 
1987; Singh et al., 1988), brain (Callard et al, 1981b) and pituitary (Callard et al., 
1981a; Olivereau & Callard，1985). In the ovary, aromatase is mainly expressed 
in vitellogenic follicles during oogenesis, consistent with the function of estrogen 
in fish ovarian development (Chang et al, 1997; Chiang et al” 2001a; Fukada et 
al., 1996; Tanaka et al., 1992). Over the years, a few studies have been 
conducted to investigate the expression pattern of aromatase in the teleost ovary. It 
has been demonstrated that the aromatase expression or activity increases in the 
growing follicles during vitellogenesis but decreases rapidly prior to oocyte 
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maturation (Fukada et al., 1996; Gen et al, 2001; Kanamori et al., 1988; Sampath 
Kumar et al, 2000). 
1.3.5 Regulation 
Since E2 is essential for hepatic vitellogenin synthesis and oocyte 
development, regulation of aromatase expression is a critical point subjected to 
regulation during folliculogenesis. Over the years, many studies have been 
conducted to find out the regulatory factors that are involved in controlling 
aromatase expression. Among all, gonadotropin regulation of aromatase activity 
or expression has been the most extensively studied. 
In some teleost species, in vitro experiments have shown that gonadotropins 
induce aromatase activity in ovarian follicles (Kagawa et al., 1984; Nagahama et 
al., 1991). However, it remains unclear whether which gonadotropin stimulates 
the expression and activation of aromatase in teleosts since most in vitro studies 
have been performed with either partially purified chinook salmon gonadotropin 
(Young et al., 1983b) or heterologous gonadotropin, such as human chorionic 
gonadotropin (hCG) (Kagawa et al” 1984) and pregnant mare serum gonadotropin 
(Nagahama et al, 1991). Recently, a study in the red seabream showed that L H 
(purified from red seabream pituitary), but not FSH, stimulated both aromatase 
activity and its expression (Kagawa et al., 2003). In mammals and birds, however, 
FSH is the primary stimulator of aromatase activity or expression, as 
demonstrated in rats, humans, ruminants and chicken (Campbell et al., 1996; 
Fitzpatrick & Richards，1991; Garverick et al., 2002; Gomez et al., 2001; 
Gutierrez et al, 1997; Steinkampf et al., 1987). In agreement with this, the 
aromatase level in the granulosa cells of FSHjS knockout mice is markedly 
decreased (Bums et al, 2001), suggesting that FSH is essential in the regulation of 
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aromatase expression. 
In addition to gonadotropins, the involvement of growth factors, such as 
insulin-like growth factor (IGF-I), in follicular development and oocyte 
maturation has recently caught much attention (Adashi et al.，1985a). In humans 
and cows, IGF-I stimulates the FSH-induced aromatase expression as well as its 
activity (Bergh et al., 1991; Christman et al, 1991; Erickson et al., 1989; Mason 
et al., 1993; Silva & Price, 2002; Steinkampf et al., 1988; Yong et al., 1992). 
Whereas in some teleost species, IGF-I stimulates both basal (Kagawa et al., 2003; 
Maestro et al., 1997) and LH-induced aromatase activity as well as the m R N A 
expression (Kagawa et al., 2003). 
In addition to IGF-I, other growth factors like epidermal growth factor (EGF) 
and transforming growth factor-a (TGFo!) are also involved in regulating the 
aromatase expression. However, both of them have been found to inhibit 
FSH-induced aromatase expression and its activity in humans and monkeys 
(Gougeon & Busso, 2000; Mason et al, 1990; Steinkampf et al., 1988). 
Another growth factor that is also involved in the regulation of aromatase 
expression is activin. It enhances both the basal and the FSH- and LH-induced 
aromatase expression and activity in the rat, cow and human (Findlay, 1993; 
Hutchinson et al., 1987; Miro & Hillier，1992; Miro et al., 1991; Mukasa et al., 
2003; Xiao & Findlay，1991; Xiao et al, 1990). In agreement with this, 
follistatin, an activin-binding protein that neutralizes the actions of activin, exerts 
an inhibitory effect on the FSH-induced aromatase activity rat (Xiao & Findlay, 
1991; Xiao etal., 1990). 
1.3.5.1 Gonadotropins (GTHs) 
In mammals, it is well documented that there are two GTHs, termed 
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follicle-stimulating hormone (FSH) and luteinizing hormone (LH), secreted from 
the anterior pituitary. They are hetero-dimeric glycoprotein hormones composed 
of an O! and a /3 subunit. The CL subunit is common between the two hormones, 
while the (3 subunit is structurally distinct and hormone specific (Pierce & Parsons, 
1981). In teleosts, the gonadal functions were originally believed to be 
controlled by a single GTH. However, the duality of G T H has been widely 
accepted in recent years after the identification and cloning of two distinct G T H /3 
subunits in a number of teleosts including the chum salmon (Suzuki et al., 1988), 
European eel (Querat et al., 1990)，killifish (Lin et al., 1992), common carp (Van 
der Kraak et al, 1992), masu salmon (Kato et al., 1993), striped bass (Hassin et al., 
1995), gilthead seabream (Elizur et al., 1996)，goldfish (Yoshiura et al., 1997)， 
Japanese eel (Yoshiura et al., 1999), blue gourami (Jackson et al, 1999) and 
Japanese flounder (Kajimura et al., 2001). As in the mammals, the two GTHs in 
fish contain a common a subunit and a specific ^  subunit. 
In mammals, FSH and LH have different functions in reproduction. FSH is 
mainly responsible for E2 production in female, promoting follicular growth in 
the ovary and increasing spermatogenic activity in the testis. LH stimulates not 
only steroidogenesis including progesterone and testosterone production, but also 
gamete maturation. FSH exerts its effects on the Sertoli cells in the testis and 
granulosa cells in the ovary, whereas LH has its effects on the Leydig cells and the 
theca cells in the testis and ovary, respectively (Richards et al, 1995). 
It is well established that both FSH and LH play pivotal roles in 
folliculogenesis in the vertebrate ovary. At the later stage of folliculogenesis, 
FSH and LH serve as critical trophic factors for the dramatic proliferation and 
survival of somatic cells and cyclic recruitment of antral follicles. 
Corresponding to the trophic actions of GTHs, both FSH and LH receptors are 
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also abundantly expressed in surrounding somatic cells, suggesting that the 
ovarian follicles are responsive to GTHs. Hypophysectomy or GTH-releasing 
hormone antagonist treatment results in reduced ovarian weight, follicle atresia 
and apoptosis of developing follicles (Nahum et al., 1996), whereas G T H 
injection or treatment of the cultured antral follicles or pre-ovulatory follicles with 
G T H significantly increases ovarian weight and prevents the spontaneous onset of 
follicle apoptosis in mammals and fish (Chun et al., 1996; Janz & Van Der Kraak, 
1997; Tilly et al., 1992). 
Another major function of GTHs is to control steroidogenesis in the ovarian 
follicles. As mentioned, the roles of FSH and L H in steroidogenesis have been 
well characterized based on the two cell - two gonadotropin model in mammals 
(Hillier et al, 1994) or two-cell-type model in teleosts (Nagahama et al., 1995) in 
controlling the production of testosterone and E2 (Hillier et al., 1994; Nagahama 
et al., 1995) as well as 17o!-hydroxyprogesterone and D H P (Nagahama et al., 
1995). 
1.3.5.2 Insulin-like growth factor I (IGF-I) 
IGF-I is a polypeptide and important regulator of growth and differentiation 
(Froesch & Zapf，1985; Jones & Clemmons，1995). The mature IGF-I peptide 
has a B-, a C- and an A-domain and is highly conserved among vertebrates. The 
C-terminal of IGF-I contains a D-domain and an E-domain. The E-domain is 
proteolytically removed as post-translational modification to yield a mature 
peptide (Daughaday & Rotwein，1989; Lund, 1994). IGF-I has been identified 
in many mammalian and non-mammalian species, including the human 
(Rinderknecht & Humbel，1978)，rat (Roberts et al., 1987), mouse (Bell et al., 
1986), pig (Francis et al., 1989b), cow (Francis et al., 1988), sheep (Francis et al, 
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1989a)，dog (Delafontaine et al., 1993)，deer (Moore et al, 1993), goat (Mikawa 
et al., 1995), guinea pig (Bell et al., 1990)，kangaroo (Yandell et al, 1996)，horse 
(Otte et al, 1996)，frog (Kajimoto & Rotwein, 1990)，chicken (Kajimoto & 
Rotwein，1989)，salmon (Cao et al., 1989), trout (Shamblott & Chen, 1992), 
hagfish (Nagamatsu et al., 1991)，seabream (Duguay et al.，1996), shark (Duguay 
et al” 1995), carp (Liang et al, 1996), catfish (McRory & Sherwood, 1994) and 
goldfish (Kermouni et al” 1998). 
In mammals, IGF-I plays a crucial role in ovarian folliculogenesis, and its 
importance has been well demonstrated in the IGF-I null mouse model. The 
adult mice exhibit a weight that is 30% of the normal control mice and are sterile 
in both sexes. In the female mice, the population of follicles does not appear to 
be affected up to the early antral stage, suggesting that IGF-I is dispensable for the 
recruitment of primordial follicles as well as for the growth of preantral follicles. 
Their ovaries contain primordial, primary and secondary antral follicles, but only 
rare and small preovulatory Graafian follicles. Besides, corpora lutea or corpora 
albicantia is absent in their ovaries, indicating that ovulation never occurs in the 
mutated female mice. In addition, the serum E2 level of the mutated females is 
reduced to about 53% of the normal value of the control, suggesting that IGF-I 
might be involved in the ovarian steroidogenesis (Baker et al., 1996). 
As an intra-ovarian regulator in the vertebrate ovary, IGF-I stimulates both 
proliferation and differentiation of granulosa and theca cells in vitro (Adashi et al., 
1985b; Angervo et al., 1991; Di Blasio et al, 1994; Giudice, 1992; Monget & 
Monniaux, 1995; Olsson et al., 1990; Yong et al., 1992), and potentiates 
FSH-stimulated c A M P production, aromatase activity, progesterone production 
and LH-receptor expression by granulosa cells (Bergh et al., 1991; Christman et 
al, 1991; Erickson et al., 1989; Erickson et al., 1991; Mason et al” 1993; Yong et 
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al., 1992). Besides, IGF-I induces oocyte maturation in the cow (Sakaguchi et 
al., 2000), sheep (Guler et al, 2000) and rabbit (Lorenzo et al, 1996). 
In teleosts, IGF-I protein has been localized in the granulosa cells of ovarian 
follicles (Kagawa et al., 1995; Schmid et al., 1999). Recombinant IGF-I 
stimulates germinal vesicle breakdown, maturation-inducing steroid production 
and oocyte maturational competence in several species including the red seabream 
(Kagawa et al., 1994a; Kagawa et al, 1994b), spotted seatrout (Thomas et al, 
2001) and striped bass (Weber & Sullivan, 2000). In addition, IGF-I stimulates 
the production of E2 and D H P by the granulosa cells in the coho salmon (Maestro 
et al., 1997). 
1.3.5.3 Activin 
Activin is a member of transforming growth factor-jS (TGF-^) superfamily. It 
was first purified from the porcine ovarian follicular fluid as a FSH-releasing 
protein (Ling et al., 1986b; Vale et al., 1986). It is composed of two j(5-subunits 
that are covalently linked by a disulphide bond. Up till now, five activin 
jS-subunits have been identified, including /？八 and (3b subunits in mammals (Ling 
et al., 1986a; Mason et al, 1989; Vale et al., 1986) and teleosts (Ge et al., 1993a; 
Ge et al., 1993b; Ge et al., 1997; Ge & Peter, 1994; Yam et al., 1999b)，曰c in the 
human (G et al., 1995) and mouse (Fang et al, 1997; Schmitt et al, 1996)，3d in 
Xenopus (Oda et al, 1995) and (3E in the mouse (Fang et al., 1996). However, only 
/3A and /3B have been demonstrated to dimerize to form biologically active forms 
of activins as either homodimer, activin A (I8A/?A) and activin B ((3BPB) or 
heterodimer, activin A B (PAPB)-
Activin has a widespread tissue distribution (Meunier et al., 1988), including 
the brain, pituitary, gonads, uterus, placenta, liver and spleen, and has been 
19 
demonstrated to have diverse biological activities (Mather et al., 1997; Woodruff, 
1998). Activin functions mainly as a paracrine and autocrine factor in local 
tissues (Chen, 1993). In the ovary, activin promotes folliculogenesis and 
steroidogenesis in both mammals and teleosts. 
Activin promotes granulosa cell proliferation and follicle growth in immature 
rat or mouse ovary. In the preantral or early antral follicles of immature rat, 
activin A increases granulosa cell D N A synthesis in the presence or absence of 
FSH (Li et al., 1995; Miro & Hillier, 1996), whereas FSH effects are evident only 
in the presence of activin A. Besides, activin has been demonstrated to 
upregulate FSH receptor or FSH induced-LH receptor level in cultured rat 
granulosa cells (Kishi et al., 1998; Minegishi et al, 1999; Minegishi et al., 1995; 
Nakamura et al., 1994; Tsuchiya et al., 1999). These studies suggest that activin 
contributes to the increasing responsiveness of developing follicles to 
gonadotropins (Ethier & Findlay，2001; Findlay, 1993; Knight & Glister，2001). 
Activin regulates basal and gonadotropin-induced E2 and progesterone 
production in cultured granulosa cells, but its effects are dependent on the 
differentiation state of the cells. In undifferentiated rat and primate granulosa 
cells, activin enhances the FSH-induced E2 and progesterone production (Miro & 
Hillier, 1992; Miro et al., 1991; Xiao et al., 1990). In the fully differentiated 
granulosa cells from the human, rat, marmoset monkey and cow, activin increases 
basal or gonadotropin-induced aromatase activity (Miro & Hillier，1992), but 
inhibits basal or gonadotropin-induced progesterone production (Miro & Hillier， 
1992; Miro et al., 1991; Rabinovici et al., 1992; Shukovski & Findlay, 1990). In 
immature bovine theca cells, activin inhibited basal or LH-induced progesterone 
production (Shukovski et al, 1993). Moreover, activin decreases LH-induced 
androgen production in rat, bovine and human theca cells (Hillier, 1991; Hillier et 
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al., 1991a; Hillier et al., 1991b; Wrathall & Knight, 1995). This inhibitory effect 
is probably related to the decrease in gonadotropin-induced expression of 
steroidogenic enzymes such as P450ci7 (Sawetawan et al.，1996). 
In teleosts, though the information on activin functions in fish is still scanty, 
activin has been found to promote oocyte maturation (Pang & Ge，1999; W u et al, 
2000) and enhance maturational competence (Pang & Ge, 2002) in the zebrafish. 
Besides, activin B stimulates the expression of FSH-/3 subunit but suppresses 
LH-jS subunit in the cultured goldfish pituitary cells (Yam et al., 1999a). 
21 
Gonadotropins (FSH/LH) 
C 〇 o ^ ^ l G F - l ^^^^^^ranulosa ceiJ^、 
0 1 I I - - S . I 
丨 G R • ^ 
V A R O M A T A S E < m \ W L m J ^ 
A T F S _ I . ( / 
EGffe Testosterone E2 ( ( 
W [ �� 
Fig. 1-4 Schematic model summarizing the control of aromatase expression by 
various regulatory factors in mammals. GTHR: gonadotropin receptor; 
IGF: insulin-like growth factor; IGFR: IGF receptor; EGF: epidermal 
growth factor; EGFR: EGF receptor; ActR: activin receptor; FS: 
follistatin. Gonadotropin(s) (FSH/LH), IGF-I and activin can upregulate 
the expression of aromatase, whereas EGF and follistatin can suppress 
the expression of aromatase. 
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1.4 Objectives of the present study 
Since aromatase plays a critical role in ovarian steroidogenesis, particularly 
with regard to the production of estrogens, understanding the pattern of its 
expression and regulation can provide a deeper insight into the molecular aspects 
of steroidogenesis and its control. 
Although the hormonal regulation of ovarian aromatase activity and 
expression has been well characterized in mammals, very little information is 
available on its control in teleosts whose ovarian development is distinct from that 
of mammals in that the oocytes undergo a dramatic growth phase termed 
vitellogenesis. In teleost ovary, it has been reported that the expression of 
aromatase increases in the growing follicles during vitellogenesis but decreases 
prior to oocyte maturation (Fukada et al, 1996; Gen et al., 2001; Kanamori et al., 
1988; Sampath Kumar et al, 2000). However, the information on how this 
pattern of expression is controlled remains very limited, despite that gonadotropin 
(Kagawa et al, 2003; Kagawa et al, 1984; Nagahama et al., 1991; Young et al., 
1983b) and IGF-I (Kagawa et al, 2003) are implicated. 
In the zebrafish {Danio rerio), two subtypes of aromatase (brain and ovarian 
type) have been identified, each encoding a significantly different protein and 
possessing its own regulatory mechanisms (Chiang et al., 2001a; Chiang et al., 
2001b; Kishida & Callard, 2001; Trant et al, 2001). Being a daily spawner with 
different stages of follicles in its ovary at the same time, together with its small 
size and rapid development, zebrafish provides an excellent model for studying 
reproductive physiology and developmental biology. 
Using zebrafish as a model, the present study aimed to investigate the 
developmental profile of aromatase expression in both the whole ovary from the 
pre-pubertal to post-pubertal stage, and the ovarian follicles at different 
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developmental stages. Besides, the involvement of several potential regulators 
including gonadotropin (hCG), IGF-I and activin in the regulation of aromatase 
was investigated. Furthermore, studies on the second messenger mechanism 
involved in controlling aromatase expression were also conducted using a novel 
primary culture of zebrafish follicle cells. 
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CHAPTER 2 
EXPRESSION PROFILES OF THE OVARIAN AROMATASE IN THE ZEBRAFISH 
2.1 Introduction 
As critical female sex steroid hormones, estrogens program and coordinate a 
variety of developmental, physiological and behavioral responses essential for 
reproduction. In teleosts, estradiol (E2) is the major estrogen that is responsible 
for oocyte growth and development, and its major role is to stimulate the liver to 
synthesize vitellogenin, the precursor for the formation of yolk in the growing 
oocyte. Aromatase is the key enzyme catalyzing the conversion of androgens to 
estrogens (Nebert & Gonzalez，1987; Simpson et al., 1994). The enzyme is a 
member of the cytochrome P450 superfamily, and it belongs to a subgroup 
referred to as the steroid hydroxylases. Due to its catalytic function, aromatase 
has a unique potential to influence the physiological balance between sex steroid 
hormones. 
Aromatase is mainly expressed in the gonads and brain in vertebrates, from 
fish to mammals. In the mammalian ovary, the expression of aromatase is much 
higher in the granulosa cells of pre-ovulatory follicles than in the small follicles 
(Hickey et al., 1988). In addition to the follicles, aromatase is also expressed in 
the postovulatory corpus luteum (Doody et al, 1990). In the testes, aromatase 
activity is found in the Sertoli cells before puberty and in the Leydig cells of adult 
male rodents (Abney, 1999). 
In teleosts, aromatase expression has also been documented in the ovary (Lin 
et al” 1991; Young et al., 1983b), testis (Kadmon et al., 1985; Rosenblum et al., 
1987; Singh et al., 1988)，brain (Callard et al., 1981b) and pituitary (Callard et al., 
1981a; Olivereau & Callard，1985). In amago salmon {Oncorhynchus rhodurus), 
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the granulosa cells isolated from vitellogenic follicles, but not theca cells, can 
convert exogenous testosterone to E2 in vitro, suggesting the presence of 
aromatase in the granulosa cells (Young et al., 1983b). However, over the years, 
only a few studies have been conducted to investigate the expression pattern of 
aromatase in the teleost ovary. Despite this, there has been evidence that the 
ovarian aromatase is mainly expressed in the vitellogenic follicles during 
oogenesis, consistent with the function of estrogen in fish ovarian development 
(Chang et al., 1997; Chiang et al, 2001a; Fukada et al., 1996; Tanaka et al, 1992). 
In the medaka {Oryzias latipes), amago salmon, tilapia {Oreochromis niloticus), 
red seabream {Pagrus major) and channel catfish (Ictalurus punctatus), it is found 
that the aromatase expression or activity increases in the growing follicles during 
vitellogenesis but decreases rapidly prior to oocyte maturation (Chang et al., 1997; 
Fukada et al., 1996; Gen et al, 2001; Kanamori et al., 1988; Sampath Kumar et al., 
2000). 
While in the zebrafish, the best-studied fish model in developmental biology, 
though the ovarian type of aromatase (cypl9a) has been found to be expressed 
mainly in the follicular cells (Chiang et al., 2001a), there has been no information 
on its expression patterns during the ovarian and follicle development. As a 
result, in the present study, two experiments were performed to determine the 
developmental profiles of aromatase expression. In the first experiment, the 
expression of aromatase in the whole ovary of zebrafish during sexual maturation, 
from pre-pubertal to post-pubertal stage, was investigated. Whereas in the 
second experiment, we examined the expression of aromatase in ovarian follicles 
of different stages which were isolated from the ovary of sexually mature adult 
zebrafish. 
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2.2 Materials and Methods 
2.2.1 Animals 
Young immature zebrafish, Danio rerio, were purchased from local market 
and maintained in a flow-through aquarium (36L) at 26°C with a photoperiod of 
14L:10D. The fish were fed twice a day with the commercial tropical fish food 
with supplement of live brine shrimp once or twice a week. Under these 
conditions, the female zebrafish normally reached sexual maturity and started 
spawning within 2 weeks. 
2.2.2 Total RNA extraction from intact ovaries and ovarian follicles 
To examine the developmental pattern of aromatase expression in the 
zebrafish ovary during sexual maturation, two hundred sexually immature 
zebrafish were used, and the stage of follicle development was monitored by 
histology. The samples were collected from individual fish over ten day period 
on Day 0，3’ 6 and 10. At each time point, both ovaries of each female zebrafish 
were carefully removed. One of the ovaries was fixed with Bouin's solution for 
histological sectioning and microscopic observation of follicle development while 
the other one was used for total R N A extraction with Tri-Reagent (Molecular 
Research Center, Cincinnati, OH). In brief, the ovary was homogenized with 
200 /xl Tri-Reagent, followed by adding 75 /xl chloroform. After vortexing on the 
Thermomixer Comfort (Eppendorf, Hamburg, Germany) for 2 min at 1300 rpm 
and incubating at room temperature for 10 min, the samples were spun at 14000 
rpm for 20 min at 4 The aqueous layer from each sample was transferred to 
a new tube containing isopropanol and vortexed for 2 min at 1300 rpm. The 
samples were then left at -20 °C for 30 min, followed by centrifugation at 14000 
rpm for 30 min at 4 After washing with 75% DEPC-ethanol and brief air 
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drying, the R N A pellet was dissolved in 10 /xl DEPC -H2O and stored at -80 °C 
before use. 
To investigate the stage-dependent pattern of aromatase expression in the 
zebrafish ovary, thirty sexually mature female zebrafish were used in each 
experiment. After decapitation, their ovaries were removed and placed in a 90 
m m culture dish containing 60% medium Leibovitz's L-15 (Invitrogen, Carlsbad, 
CA). The ovarian follicles of different stages were carefully separated and 
divided into five groups based on their size and vitellogenic status: primary 
growth stage (-0.15 mm), pre-vitellogenic stage (-0.25 mm), early vitellogenic 
stage (-0.35 mm), mid-vitellogenic stage (-0.45 m m ) and fully grown immature 
stage (-0.65 mm). The isolated healthy follicles were homogenized in 
Tri-Reagent to extract the total R N A according to the above protocol. 
2.2.3 Validation of semi-quantitative RT-PCR assays for aromatase and GAPDH 
Reverse transcription (RT) was performed at 42。C for 2 hr in a total volume 
of 10 jLtl consisting of 3 fjLg total RNA, IX M - M L V RT buffer (Promega), 0.5 m M 
each dNTP, 0.5 fig oligo-dT and 80 U M - M L V reverse transcriptase (Promega). 
To optimize the cycle numbers used for semi-quantitative RT-PCR analysis, 
the RT reaction (1 /xl) from the whole ovary was used as template for PGR 
amplification. The primers used for aromatase and glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) are listed in Table 1. PGR was carried out on the 
Thermal Cycler 9600 (Eppendorf, Germany) in a volume of 25 fii consisting of 
IX PGR buffer, 0.2 m M each dNTP, 2.5 m M MgCb, 0.2 /xM each primer and 0.6 
U Tag polymerase for various cycles with the profile of 30 sec at 94 °C, 30 sec at 
65。C (for aromatase) or 56。C (for GAPDH) and 60 sec at 72。C. The PGR 
products from different cycles of amplification were visualized on a 
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UV-transilluminator after electrophoresis on 1.5% agarose gel containing 
ethidium bromide, and the signal intensity was quantitated with the Gel-Doc 1000 
system and Molecular Analyst Software (Bio-Rad, Hercules, CA). The cycle 
numbers that generate half-maximal amplification were used for subsequent 
semi-quantitative analysis of gene expression, they are 29 cycles for aromatase 
and 23 cycles for G A P D H (Fig 2-1). The specificity of PGR amplification was 
confirmed by cloning the RT-PCR products into pBluescript KS II (+) vector 
(Stratagene, La Jolla, CA) followed by sequencing on ABI 3100 Genetic Analyzer 
(Perkin-Elmer, Foster City, CA). To validate the feasibility of semi-quantitative 
RT-PCR assays, PCR amplification was performed on serially-diluted plasmids 
containing aromatase and G A P D H fragments (Fig.2-1) to evaluate the relationship 
between the input of the template and the output of PCR amplification. 
Table 1 Primer sequences  
Gene Primer Expected Accession no. 
size 
Aromatase Sense: 5'-TCAGGACAATGCGTGTGGAG-3‘ 466 bp AF183906 
Antisense: 5 '-GAGAGTTTGTGGAGGTGGTG-3 ’ 
GAPDH Sense: 5，-AATGAAGGGAATTCTGGGA-3， 398 bp ESTfk56d06.xl 
Antisense: 5'-AACAACTACAGCAATGCCTG-3 ’ 
2.2.4 Data analysis 
The m R N A level of the aromatase was first calculated as the ratio to that of 
G A P D H , which was amplified as the internal control, and then expressed as the 
percentage of the control group. The data were analyzed by one-way A N O V A 
followed by Dunnett's test using GraphPad Prism 3.0cx for Macintosh (GraphPad 
Software, San Diego, CA). W e performed all the experiments at least twice to 
confirm the results using different batches offish. 
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2.3 Results 
2.3.1 Validation of the semi-quantitative RT-PCR assays for aromatase and 
GAPDH 
The kinetics of PCR reaction for both aromatase and G A P D H was first 
studied to obtain the cycle numbers that generate half-maximal amplification 
(Fig.2-1). The cycle numbers were then further tested on serially-diluted 
plasmid templates containing target D N A fragments. As shown in Fig.2-1, there 
is a linear relationship between the amount of template plasmids and PCR 
amplification for both aromatase and GAPDH, demonstrating that the RT-PCR 
assays were appropriate for quantitating the expression of these genes. 
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Fig. 2-1 Validation of the RT-PCR assays for aromatase and GAPDH. Upper 
panel: Kinetics of PGR amplification for aromatase (left) and G A P D H 
(right). The cycle number that generates half maximal reaction was used 
to analyze the expression level of each gene. Lower panel: PGR 
amplification of cloned aromatase and G A P D H c D N A using the cycle 
number obtained from the upper panel. Each value represents then mean 
土 S E M of three PGR reactions. Each value represents the mean 土 S E M 
of three PGR reactions. The electrophoretic image is shown at the top of 
each graph. 
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2.3.2 Developmental expression profile of aromatase in the whole ovary during 
sexual maturation 
Aromatase is critical in driving the development of ovarian follicles, and its 
role is particularly prominent in non-mammalian vertebrates because of its 
fundamental role in stimulating the synthesis of vitellogenin in the liver (Bromage 
et al., 1982; Di Fiore et al., 1998; Norberg et al.，1989). To understand the 
physiological relevance of this enzyme in the initiation of ovarian growth (puberty) 
and maturation, I analyzed the developmental expression profile of aromatase in 
the zebrafish ovary during sexual maturation from pre-pubertal to post-pubertal 
stage. The experiment started with young sexually immature zebrafish with no 
vitellogenic follicles in the ovary as demonstrated by histological examination of 
the ovary. Four samplings (six fish each) were carried out over a ten-day period 
(on Day 0，3，6 and 10) during which the fish went through the entire process of 
sexual maturation with the ovarian follicles developing from the pre-vitellogenic 
primary growth stage to fully grown stage. The two ovaries from each fish were 
used for R N A extraction and histological examination respectively. 
On day 0, all fish sampled contained oocytes at primary growth stage in their 
ovary that showed no sign of vitellogenesis including the formation of cortical 
vesicles, a clear indication of sexual immaturity. On day 3, a group of follicles 
had grown significantly with substantial accumulation of cortical vesicles in the 
oocytes, marking the start of vitellogenesis; however, no yolk granules were 
observed in any oocytes at this stage. Substantial amount of yolk granules 
started to appear around the germinal vesicle (GV) in the first cohort of 
vitellogenic oocytes on day 6. On day 10，the follicles had grown to 
sub-maximal size or post-vitellogenic stage with yolk granules occupying most of 
the space and G V located in the middle of the oocyte (Fig. 2-2). 
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During the 10-day period of ovarian development which covers the onset of 
puberty and much of the vitellogenesis of the first batch of developing follicles, 
we observed a phenomenal change in the aromatase expression (Fig. 2-2). The 
aromatase expression was extremely low on the first day of sampling when all the 
follicles in the ovary were at primary growth stage. Its expression significantly 
increased on day 3 when a significant number of follicles had been recruited with 
the appearance of cortical vesicles, which is a sign for the beginning of oocyte 
growth. The aromatase expression continued to increase thereafter and reached 
its maximal level on day 6 when a significant amount of yolk granules had 
accumulated in the first cohort of follicles (mid-vitellogenic stage). The high 
expression level maintained through day 10 or post-vitellogenic stage. 
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Fig. 2-2 Developmental expression profile of aromatase in the whole ovary 
during sexual maturation. The expression levels were normalized by 
G A P D H and expressed as the percentage of Day 0. Each value 
represents the mean 土 S E M of 6 RT-PCR reactions from 6 zebrafish. 
Electrophoretic image of the experiment is shown at the top of the graph. 
The lowest panel shows the representative histological sections (40X) of 
the whole ovary at each stage. PV: pre-vitellogenie ovary (Day 0); EV: 
early vitellogenic ovary (Day 3); M V : mid-vitellogenic ovary (Day 6)， 
LV: late vitellogenic ovary (Day 10). **, P <0.001 vs. Day 0. 
34 
2.3.3 Stage-dependent expression of aromatase in the ovarian follicles of mature 
gravid zebrafish 
The experiment above clearly demonstrated a close correlation between 
aromatase expression and the initiation and growth of the follicles in the ovary 
over the period when the zebrafish become sexually mature. To further elucidate 
the dependence of the enzyme expression on the stage of follicles, we then 
performed another experiment to investigate the stage-dependent expression 
pattern of aromatase by assaying its expression level in the zebrafish ovarian 
follicles of five different stages. The fish used were sexually mature gravid 
females. As shown in Fig. 2-3, the aromatase expression level was extremely 
low in the primary growth follicles (-0.15 mm). However, the expression 
increased significantly throughout the follicle growth and vitellogenesis, and it 
reached the maximal level in the mid-vitellogenic follicles (-0.45 mm). 
Surprisingly, the aromatase expression then dropped dramatically to an 
undetectable level in the fully grown follicles (-0.65 mm). 
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Fig. 2-3 Stage-dependent expression profile of aromatase in the ovarian follicles 
from the sexually mature zebrafish. The expression levels were 
normalized by G A P D H and expressed as the percentage of PG. 
Electrophoretic images from one of the two experiments are shown at 
the top of the graph. The lower panel shows the morphology and 
histological sections (40X) of follicles at different stages. PV: 
pre-vitellogenic follicle; EV: early vitellogenic follicle; M V : 
mid-vitellogenic follicle; FG: full-grown follicle. PG: primary growth 
follicle is not shown here. **, P <0.001 vs. PG 
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2.4 Discussion 
In this present study, we demonstrated a distinct developmental expression 
profile of aromatase in the zebrafish ovary during sexual maturation. In the first 
experiment using the sexually immature zebrafish, we followed the recruitment 
and the subsequent developmental stages of the first cohort of ovarian follicles 
around the onset of puberty, and examined the expression of aromatase throughout 
this period. The recruitment of the first wave of follicles into the phase of rapid 
growth or vitellogenesis, in which cortical vesicles appear in the oocytes and 
chorion appears between the oocyte and follicle cells, is a mark for the activation 
of the ovary. Simultaneously, double layers of follicle cells (granulosa and theca 
cell layer) are formed from the original monolayer of cells. Interestingly, the 
expression level of aromatase was extremely low in the pre-pubertal immature 
ovary; however, it drastically increased during the peri-pubertal period involving 
the initiation of the first wave of follicle development and continued to increase 
throughout the process of vitellogenesis. 
Another experiment using different stages of ovarian follicles further 
support this developmental expression pattern of aromatase in the zebrafish ovary. 
Using follicles of different developmental stages from the ovaries of the mature 
gravid zebrafish, a distinct stage-dependent expression profile of aromatase was 
obtained. Not surprisingly, as mentioned in the first expression profile, the 
expression level of aromatase in the primary growth follicles was extremely low. 
However, as the follicles undergo subsequent growth and development, most 
importantly, vitellogenesis, the expression of aromatase increases markedly 
followed by an abrupt drop at the fully grown immature stage. 
The distinct developmental expression profiles of aromatase in the zebrafish 
ovary are in agreement with those reported in other teleost species in which 
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aromatase expression stays at a low level before vitellogenesis and keeps 
increasing during vitellogenesis but abruptly decreases prior to oocyte maturation 
(Fukada et al” 1996; Gen et al, 2001; Kanamori et al., 1988; Sampath Kumar et 
al.，2000). These expression profiles of aromatase are also in good agreement 
with that found in mammals. In mammalian ovaries, the expression of 
aromatase increases from small antral follicles to pre-ovulatory follicles and 
decreased shortly after the LH/hCG surge (Fitzpatrick et al., 1997; Hickey et al., 
1988; Hickey et al., 1990). 
The stage-dependent pattern of aromatase during follicle development agrees 
well with the production of E2 during the ovarian cycle in which the expression of 
aromatase increases along vitellogenesis so as to produce more E2 for hepatic 
vitellogenin synthesis. While at the end of vitellogenesis and prior to oocyte 
maturation, the aromatase expression decreases sharply which is in agreement 
with the fact that less E2 is produced at this stage (Gen et al., 2001; Kagawa et al., 
1984; Kanamori et al., 1988; Sampath Kumar et al., 2000; Young et al, 1983b). 
According to the two-cell-type model in teleosts (Nagahama et al., 1995)， 
during vitellogenesis, gonadotropin stimulates testosterone production in the theca 
cells, which is then converted to E2 in the granulosa cells by aromatase. The E2 
produced is in turn transported to the liver for vitellogenin synthesis. After that, 
the vitellogenin is released into the blood and finally uptaken by the growing 
oocytes (Hyllner et al., 1994; Tyler et al., 1990). The vitellogenin stored in the 
oocyte is the store of nutrients for the future embryonic development after 
fertilization. As a result, such a dynamic change of aromatase expression is 
inevitably crucial for the proper growth and development of the ovarian follicles 
as well as to help equip the follicles with nutrients for embryonic development 
after fertilization. 
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In the end of vitellogenesis, there is a sharp decline of aromatase expression 
level at the fully grown stage. This result suggests that the decreased level of 
aromatase m R N A is responsible for the decreased ability of the follicles to secrete 
E2, which marks the event called steroidogenic shift. In several teleosts species, 
there is a distinct shift from estrogenic to progestational steroid production during 
the transition from vitellogenesis to oocyte maturation (Planas et al., 2000; Sakai 
et al., 1987; Scott et al., 1984; Scott et al, 1983; Van der Kraak & Donaldson, 
1986; Young et al., 1983a; Young et al, 1983b). Aromatase and 
20/3-hydroxysteroid dehydrogenase (20j(3-HSD) are the key enzymes responsible 
for this shift. During vitellogenesis, there is a high level of plasma E2, which 
decreases rapidly prior to oocyte maturation (Kagawa et al., 1983). Similarly, 
the aromatase activity in granulosa cells increases during vitellogenesis and drops 
rapidly, in association with the ability of the oocyte to mature in response to 
gonadotropin (Chang et al., 1997; Kanamori et al., 1988; Young et al., 1983b). 
Immediately prior to this period, the granulosa cells acquire the capacity to 
synthesize 20^-KSD to catalyze the conversion of 1 Ta-hydroxyprogesterone to 
D H P in ovarian follicles in response to gonadotropin (Kanamori et al., 1988; 
Young et al., 1983c). This distinct shift in steroidogenic activity from aromatase 
to 20i3-HSD in the granulosa cells prior to oocyte maturation is a prerequisite step 
for oocytes to switch from growth to maturation. 
In the zebrafish, as vitellogenesis and oocyte maturation occur every day, 
daily changes in gonadotropins (FSH and LH) secretion are probably responsible 
for the dynamic profile of the aromatase expression. Though it is still not clear 
about the precise roles of FSH and LH in regulating the expression of 
steroidogenic enzymes and the follicular steroidogenesis over the course of 
ovarian development in fish, the variation in the circulating levels of FSH and LH 
39 
during sexual maturation (Gomez et al., 1999; Prat et al., 1996; Suzuki et al., 1988) 
and in the type and localization of FSH and LH receptors in the ovary (Miwa et al., 
1994; Yan et al., 1992) would suggest that the maturation-associated changes in 
steroidogenic effects of FSH and LH may indeed occur in the fish ovary. It is 
known that during oocyte growth and vitellogenesis, plasma level of FSH is 
elevated while the circulating LH is extremely low or undetectable. At this stage, 
the FSH receptor has been shown to be present in both granulosa and theca cells 
(Miwa et al., 1994; Yan et al., 1992). However, during final oocyte maturation, 
plasma level of LH increases as FSH level decreases in parallel with the 
appearance of the LH receptor in granulosa cells (Miwa et al., 1994; Yan et al., 
1992). In addition, during the transition from vitellogenesis to final oocyte 
maturation, the changes in circulating levels of FSH and LH occur concomitantly 
with changes in the production of E2 and DHP, respectively. These changes in 
plasma steroid levels occur as a result of steroidogenic shift, from the production 
of E2 to the production of D H P (Goetz et al, 1987; Nagahama et al., 1995). Due 
to the significant positive correlation between the plasma levels of FSH and E2, as 
well as between the levels of LH and D H P (Oppen-Bemtsen et al., 1994; Slater et 
al, 1994)，it is possible that FSH and LH play important roles in regulating the 
steroidogenic shift in the ovary, which might involve regulating the expression of 
aromatase, one of the key enzymes responsible for the steroidogenic shift. 
After finding out the expression profiles of aromatase, the next question to be 
addressed is that what factors exactly regulate the aromatase expression in such a 
distinct and dynamic manner? So, in the next chapter, the roles of several 
potential regulatory factors on aromatase expression were investigated in order to 
better understand the regulation of this important steroidogenic enzyme. 
The present study not only provides evidence for the temporal expression of 
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aromatase, for the first time, in the entire course of folliculogenesis in the 
zebrafish, but also offers important clues to the physiological and functional 
significance of aromatase during the follicle growth and development. 
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CHAPTER 3 
REGULATION OF AROMATASE EXPRESSION IN VITRO 
3.1 Introduction 
Estradiol (E2) is a major estrogen that influences many physiological events 
in vertebrates, including hepatic vitellogenesis, germ cell development (Billard, 
1992; Wallace & Selman，1985) and temperature-dependent sex determination 
(Cardwell & Liley，1991; Wibbels et al., 1991). Aromatase is the key enzyme 
responsible for the biosynthesis of E2 from androgens. 
In mammals, the expression of aromatase increases from small antral 
follicles to preovulatory follicles and decreases shortly after the LH/hCG surge 
(Fitzpatrick et al., 1997; Hickey et al, 1988; Hickey et al., 1990). While in 
teleosts, the aromatase expression or activity increases in growing follicles during 
vitellogenesis but decreases rapidly prior to oocyte maturation (Chang et al.，1997; 
Fukada et al., 1996; Gen et al, 2001; Kanamori et al, 1988; Sampath Kumar et al., 
2000). 
As in other teleosts, the expression of aromatase in the zebrafish ovary 
exhibits a distinct pattern during sexual maturation, which is closely associated 
with the stage of follicle development. This stage-dependent pattern fully agrees 
with the physiological role played by aromatase in fish. One interesting question 
to address is how the enzyme expression is controlled during the ovarian cycle. 
Although aromatase has been studied in a variety of teleosts including the goldfish 
(Kagawa et al., 1984)，amago salmon (Kanamori et al., 1988; Kanamori & 
Nagahama, 1988; Young et al., 1983b), medaka (Nagahama et al., 1991)，tilapia 
(Chang et al., 1997; Kwon et al., 2001)，channel catfish (Sampath Kumar et al, 
2000; Trant et al., 1997)，red seabream (Gen et al., 2001; Kagawa et al, 2002; 42 
Kagawa et al., 2003) and zebrafish (Kishida & Callard, 2001), very limited 
information is available on this issue. Since aromatase is a determining factor 
in driving oocyte growth and development in fish and other non-mammalian 
vertebrates, understanding its regulation is critical for our understanding the 
control of ovarian development and functions. Over the years, many studies 
have been conducted to identify the regulatory factors that are involved in the 
aromatase expression. 
In mammals and birds, FSH is the primary stimulator of aromatase 
expression as well as its activity, as demonstrated in rats, humans, ruminants and 
chicken (Campbell et al., 1996; Fitzpatrick & Richards, 1991; Garverick et al., 
2002; Gomez et al, 2001; Gutierrez et al, 1997; Steinkampf et al., 1987). In 
agreement with this, the aromatase level in the granulosa cells of the FSH/3 
knockout mice is markedly decreased (Bums et al., 2001). In addition to 
gonadotropins, the involvement of growth factors, such as insulin-like growth 
factor (IGF-I), in follicular development and oocyte maturation has been well 
documented (Adashi et al, 1985a). In humans and cows, IGF-I stimulates the 
FSH-induced aromatase expression as well as its activity (Bergh et al., 1991; 
Christman et al, 1991; Erickson et al, 1989; Mason et al., 1993; Silva & Price, 
2002; Steinkampf et al., 1988; Yong et al, 1992). In addition to IGF-I, other 
growth factors like epidermal growth factor (EGF) and transforming growth 
factor-a (TGFa) are also involved in regulating aromatase expression; however, 
they exhibited inhibitory effects on the FSH-induced aromatase expression and its 
activity in humans and monkeys (Gougeon & Busso, 2000; Mason et al.，1990; 
Steinkampf et al., 1988). Another growth factor, activin, has also been 
implicated in the control of the aromatase expression. It enhances both the basal 
and the FSH- and LH-induced aromatase expression and activity in rats, cows and 
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humans (Findlay, 1993; Hutchinson et al., 1987; Miro & Hillier, 1992; Miro et al., 
1991; Mukasa et al., 2003; Xiao & Findlay，1991; Xiao et al., 1990). In 
agreement with this, follistatin, an activin-binding protein that neutralizes the 
actions of activin, exerts an inhibitory effect on the FSH-induced aromatase 
activity in rats (Xiao & Findlay，1991; Xiao et al., 1990). 
In contrast to the studies in mammals, the mechanisms by which aromatase 
are regulated in teleosts remains poorly understood. Considering that E2 plays a 
unique role in controlling vitellogenesis in non-mammalian vertebrates, the issue 
is particularly important in understanding the control of the ovarian development 
and functions in non-mammals. In several teleost species, gonadotropins have 
been shown to induce aromatase activity and expression in ovarian follicles. In 
the goldfish, the aromatase activity is stimulated by incubating the vitellogenic 
follicles with h C G in vitro (Kagawa et al., 1984). In the medaka, the aromatase 
activity is also induced by in vitro incubation of the early vitellogenic follicles 
with pregnant mare serum gonadotropin (Nagahama et al., 1991). In the red 
seabream, it is LH，but not FSH that stimulates both aromatase expression and 
activity (Kagawa et al., 2003), whereas in the red seabream and coho salmon, 
IGF-I stimulates both basal (Kagawa et al.，2003; Maestro et al., 1997) and 
LH-induced aromatase activity and the m R N A expression (Kagawa et al., 2003). 
In the present study, the roles of several potential regulatory factors including 
gonadotropin, IGF-I and activin in the regulation of aromatase expression in the 
zebrafish ovary were investigated. Besides, experiments were also performed to 
study the second messenger mechanisms involved in controlling aromatase 
expression, particularly the one underlying the action of gonadotropin. 
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3.2 Materials and Methods 
3.2.1 Animals 
Zebrafish, Danio rerio, were purchased from local market and acclimatized 
for at least two days in a flow-through aquarium (36L) at 26°C with a photoperiod 
of 14L:10D before experiments. The fish were fed twice a day with the 
commercial tropical fish food with supplement of live brine shrimp once or twice 
a week. 
3.2.2 Chemicals and hormones 
All chemicals were obtained from Sigma (St. Louis, M O ) unless otherwise 
stated. Human chorionic gonadotropin (hCG) and forskolin were purchased 
from Sigma, and 3-isobutyl-1 -methylxanthine (IBMX), dibutyryl-cAMP 
(db-cAMP) and H89 from C A L B I O C H E M (La Jolla, CA). Recombinant human 
insulin-like growth factor I (IGF-I) was from Promega (Madison, WI). 
Recombinant goldfish activin B was produced by a Chinese hamster ovary (CHO) 
cell line established in our laboratory and partially purified according to 
Schmelzer et al. (1990). One unit (U) of activin B is the amount per milliliter 
that induces half-maximal differentiation of F5-5 cells (ED50) in the erythroid 
differentiation factor assay (Eto et al.，1987; Schmelzer et al., 1990), and is 
equivalent to about 8 ng human activin A in the assay. H C G and db-cAMP were 
first dissolved in water, IBMX in ethanol, whereas forskolin and H89 in 
dimethylsulfoxide (DMSO). All these drugs and hormones were further diluted 
to the desired concentrations with the medium before use. 
3.2.3 Preparation of goldfish pituitary extract 
Five pituitaries from sexually mature goldfish were removed and 
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homogenized in 1 ml PBS (200 m g KH2PO4, 1150 mg NazHPC^ZHaO, 200 m g 
KCl and 8000 m g NaCl in 1000 ml H2O) at 4 The extract was then 
centrifuged at 15000 rpm for 30 min at 4 °C followed by filtering the supernatant 
with a 0.22 [iM filter (Millipore, Bedford, MA). The protein concentration was 
quantitated with the Protein Assay Kit (Biorad, Hercules, CA), and the extract was 
stored at -20 °C before use. 
3.2.4 Primary follicle cell culture 
Twenty female zebrafish were used for the primary follicle cell culture. 
After decapitation, the ovaries were removed and placed in a 90 m m culture dish 
containing 60% medium Leibovitz's L-15 (Invitrogen, Carlsbad, CA). The 
ovarian follicles of different stages were dispersed and separated. Only the 
pre-vitellogenic and vitellogenic follicles were collected, followed by washing 
several times with Medium 199 (Invitrogen, Carlsbad, CA). The follicles were 
then cultured in Medium 199 with 10% fetal bovine serum (Hyclone, Logan, UT) 
at 28 °C with 5% CO2 for 6 days. The proliferated follicle cells were harvested 
at the end of incubation by trypsinization and plated in 48-well plates for 24 hrs 
before drug treatment. 
3.2.5 Preparation offreshly isolated mid-vitellogenic follicles 
Ovaries from about twenty female zebrafish were removed and placed in a 
90 m m culture dish containing 60% medium Leibovitz's L-15 (Invitrogen, 
Carlsbad, CA). The follicles of different stages were separated and only the 
mid-vitellogenic follicles (-0.45 m m ) were carefully isolated for the studies on 
the regulation of the aromatase expression as the aromatase expression is the 
highest at this stage according to the result of Ch.2. Once enough follicles were 
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collected, twenty-five follicles were randomly selected and placed in each well of 
a 24-well plate for drug treatment. 
3.2.6 Preparation of ovarian fragments 
After decapitation, one ovary from each zebrafish was used for drug 
treatment whereas the other one was used as control. Each ovary was carefully 
removed without disturbing the other and placed into a well of a 12-well plate. 
The ovaries were then briefly dispersed into small fragments prior to drug 
treatment. In some experiments, as specified in the legands of the figures, half 
ovary was used instead for each group of treatment. In this case, the ovary was 
symmetrically cut into two portions. 
3.2.7 Total RNA extraction from cultured follicle cells, ovarian follicles and 
ovarian fragments 
For cultured follicle cells, after drug treatment, the culture medium was 
discarded. Two hundred microliter Tri-Reagent (Molecular Research Center, 
Cincinnati, OH) was added to each well, and the plate was shaken for 20 min at 
700 rpm on the Thermomixer Comfort (Eppendorf, Hamburg, Germany). The 
extract from each well was then transferred to a 1.5 ml microtube containing 75 /xl 
chloroform. After vortexing on the thermomixer for 2 min at 1300 rpm and 
incubating at room temperature for 10 min, the samples were spun at 14000 rpm 
for 20 min at 4 °C. The aqueous layer from each sample was transferred to a 
new tube containing isopropanol and vortexed for 2 min at 1300 rpm. The 
samples were then left at -20 °C for 30 min, followed by centrifugation at 14000 
rpm for 30 min at 4 °C. After washing with 75% DEPC-ethanol and brief air 
drying, the R N A pellet was dissolved in 10 /xl DEPC-H2O and stored at -80 °C 
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before use. 
For freshly isolated mid-vitellogenic follicles, after drug treatment, the 
follicles together with the culture medium were transferred to a 1.5 ml microtube. 
After spinning down the follicles briefly, the culture medium was discarded. The 
follicles were then homogenized with 200 (il Tri-Reagent. Afterwards, the R N A 
of the follicles was extracted as mentioned above. 
The R N A extraction procedure for ovarian fragments was the same as that 
for the follicles except that the amounts of all the reagents used were multiplied 
by 2.5 folds. 
3.2.8 Validation of semi-quantitative RT-PCR assays 
The validation of semi-quantitative RT-PCR assays were performed as 
described in Ch.2 (2.2.3) except that the R N A from the three different materials 
(ovarian fragments, freshly isolated mid-vitellogenic follicles and cultured follicle 
cells) were used as template for reverse transcription for optimizing the PGR cycle 
numbers for the RT-PCR assays since the studies on the regulation of aromatase 
expression were performed on these three different materials. 
3.2.9 Data analysis 
The m R N A level of the aromatase was first calculated as the ratio to that of 
GAPDH, which was amplified as the internal control, and then expressed as the 
percentage of the control group. The data were either analyzed by one-way 
A N O V A followed by Dunnett's test or paired t test using GraphPad Prism 3.0cx 
for Macintosh (GraphPad Software, San Diego, CA). I performed all the 
experiment at least twice to confirm the results using different batches of fish. 
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3.3 Results 
3.3.1 Validation of the semi-quantitative RT-PCR assays for aromatase and 
GAPDH 
Since the studies on the regulation of aromatase expression were performed 
on three different materials (ovarian fragments, freshly isolated mid-vitellogenic 
follicles and cultured follicle cells), R N A from the corresponding materials were 
used as template for reverse transcription to optimize the PCR cycle numbers for 
the RT-PCR assays (Fig. 3-1). The corresponding cycle numbers that generate 
half-maximal PCR amplification were used to analyze the expression of each gene 
using the corresponding R N A template. Using the cycle numbers that generate 
half-maximal P C R amplification (29 cycles and 23 cycles for aromatase and 
G A P D H respectively with ovarian fragments; 32 cycles and 23 cycles for 
aromatase and G A P D H respectively with freshly isolated mid-vitellogenic 
follicles or cultured follicle cells), we performed PCR reactions on serially-diluted 
plasmid templates containing target D N A fragments. As shown in Fig.2-1 in 
chapter 2，there is a linear relationship between the amount of template plasmids 
and PCR amplification for both aromatase and GAPDH, demonstrating that the 
RT-PCR assays were appropriate for quantitating the expression of these genes. 
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Fig. 3-1 Kinetics of PCR amplification for aromatase (left) and G A P D H (right). 
The upper, middle and lower panels represent the reactions on the R N A from the 
ovarian fragments, freshly isolated mid-vitellogenic follicles and cultured follicle 
cells, respectively. The cycle number that generates half maximal reaction was 
used to analyze the expression level of each gene. Each value represents the mean 
土 S E M of three PCR reactions. The electrophoretic image is shown at the top of 
each graph. 
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3.3.2 Expression of aromatase in mid-vitellogenic follicles during incubation 
To investigate aromatase expression in the cultured follicles in vitro, its 
expression level was monitored over six day incubation. On day 0，the 
aromatase expression level in the freshly isolated intact mid-vitellogenic follicles 
was high. When incubated in vitro, however, the expression of aromatase 
decreased drastically with incubation time (Fig. 3-2). 
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Fig. 3-2 Expression of aromatase in the cultured zebrafish follicles and follicle 
cells on different day of incubation. The expression levels were 
normalized by G A P D H and expressed as the percentage of control (day 
0). Each value represents the mean 土 S E M of independent RT-PCR 
reactions of three replicates. **, P<0.001 vs control. 
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3.3.3 Gonadotropin regulation of aromatase expression in the zebrafish ovarian 
fragments and freshly isolated intact follicles 
To examine the effect of gonadotropin on the expression of aromatase in the 
zebrafish ovarian fragments, a time course experiment was first performed. 
Treatment of the ovarian fragments with 10 lU/ml hCG for different periods of 
time increased aromatase expression in a clear time-dependent manner. The 
maximal stimulatory effect ofhCG appeared at 2 hr of the treatment; however, the 
response of aromatase diminished with longer incubation (4 and 6 hr) with hCG 
though the expression levels were still higher than that of the control (Fig. 3-3). 
In agreement with the effect ofhCG, the goldfish pituitary extract (30 /xg/ml) also 
induced aromatase expression in the zebrafish ovarian fragments with the effect 
appearing to be stronger than that of hCG (Fig. 3-4). When tested at 2 hr of the 
treatment, hCG exhibited a significant dose-dependent stimulatory effect on 
aromatase expression. Significant increase in aromatase expression was 
observed at the dose of 10 lU/ml hCG; however, higher dose ofhCG (100 lU/ml) 
seemed to suppress the aromatase expression in the ovarian fragments (Fig. 3-5). 
Using freshly isolated mid-vitellogenic follicles, hCG also increased the 
aromatase expression in the presence of IBMX (0.1 m M ) and the effect reached 
the maximal level at 15 lU/ml. (Fig 3-6). The administration of hCG in the 
absence of I B M X somehow exhibited weak and inconsistent effects on aromatase 
expression in the isolated mid-vitellogenic follicles. 
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Fig. 3-3 Time course of gonadotropin (hCG) effect on the expression of 
aromatase in the zebrafish ovarian fragments. The graph was plotted 
based on 4 individual experiments with hCG treatment for different 
periods of time. The expression levels were normalized by G A P D H and 
expressed as the percentage of respective control. Each value represents 
the mean 土 S E M of independent RT-PCR reactions on six individual 
zebrafish for hCG treatments of 120，240 and 360 min. Five fish were 
used for the treatment of 40 min. *, P<0.05; ***，P<0.0001 vs control. 
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Fig. 3-4 Effect of goldfish pituitary extract (30 /xg/ml) on the expression of 
aromatase in the zebrafish ovarian fragments. The ovarian fragments 
were treated with the pituitary extracts for 2 hr. The expression levels 
were normalized by G A P D H and expressed as the percentage of control. 
Each value represents the mean 土 S E M of independent RT-PCR 
reactions on six individual zebrafish. **，P<0.001 vs control. 
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Fig. 3-5 Dose response of gonadotropin (hCG) effect on the expression of 
aromatase in the zebrafish ovarian fragments. The expression levels 
were normalized by G A P D H and expressed as the percentage of control. 
Each value represents the mean 士 S E M of independent RT-PCR 
reactions of six individual zebrafish. *�P<0.05 vs control. 
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Fig. 3-6 Dose response of gonadotropin (hCG) effect on the expression of 
aromatase in the freshly isolated zebrafish mid-vitellogenic follicles in 
the absence (upper) and presence (lower) of IBMX (0.1 m M ) in the 
culture medium. The expression levels were normalized by G A P D H and 
expressed as the percentage of control. Each value represents the mean 
土 S E M of independent RT-PCR reactions of three replicates. *，P<0.05; 
**，P<0.001 vs control. 
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3.3.4 Effects of db-cAMP and forskolin on aromatase expression in cultured 
zebrafish follicle cells 
Cyclic A M P (cAMP) has been known as the principal secondary messenger 
involved in gonadotropin signal transduction (Leung & Steele, 1992). To 
confirm the stimulatory effect of gonadotropin on aromatase expression in the 
zebrafish ovarian follicle cells, we further tested the effects of db-cAMP (cAMP 
analogue) and forskolin (activator of adenylate cyclase), which increase the 
intracellular cAMP level through different mechanisms. Both db-cAMP and 
forskolin increased the expression of aromatase in cultured zebrafish follicle cells 
in both dose- and time-dependent manners. The maximal stimulatory effect of 
db-cAMP on aromatase expression was observed at 3 m M and 6 hr (Fig. 3-7 and 
3-8); whereas for forskolin, the maximal stimulatory effect was observed at 10 
/xM and 6 hr (Fig. 3-9 and 3-10). Both reached their maximal level of effect at 
the same time of the treatments. 
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Fig. 3-7 Dose response of db-cAMP effect on the expression of aromatase in the 
cultured zebrafish follicle cells. The expression levels were normalized 
by G A P D H and expressed as the percentage of control. Each value 
represents the mean ± S E M of independent RT-PCR reactions of three 
replicates. **, P<0.001 vs control. 
60 
CTL 3 hr 6 hr 12 hr 24 hr 
I 1 I 1 I 1 I I I 1 
Aromatase 
GAPDH 
o � * * 
云 1 华 "T" 
_ _ 
200-
150- ^ H ^ H 
100- h E I * 
I _JJli 
0 3 6 12 24 
Time (hr, 0.3mM) 
Fig. 3-8 Time course of db-cAMP effect on the expression of aromatase in the 
cultured zebrafish follicle cells. The expression levels were normalized 
by G A P D H and expressed as the percentage of control. Each value 
represents the mean 土 S E M of independent RT-PCR reactions of three 
replicates. *，P<0.05; **，PO.OOl vs control. 
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Fig. 3-9 Dose response of forskolin effect on the expression of aromatase in the 
cultured zebrafish follicle cells. The expression levels were normalized 
by G A P D H and expressed as the percentage of control. Each value 
represents the mean 土 S E M of independent RT-PCR reactions of three 
replicates. *，P<0.05; **, P<0.001 vs control. 
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Fig. 3-10 Time course of forskolin effect on the expression of aromatase in the 
cultured zebrafish follicle cells. The expression levels were normalized 
by G A P D H and expressed as the percentage of control. Each value 
represents the mean 士 S E M of independent RT-PCR reactions of three 
replicates. **，P<0.001 vs control. 
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3.3.5 Involvement of protein kinase A (PKA) in the regulation of aromatase 
expression by db-cAMP in cultured zebrafish follicle cells 
To examine whether the stimulatory effects of cAMP on the expression of 
aromatase is mediated by the cAMP-dependent protein kinase A (cAMP-PKA), 
we further examined the effects of db-cAMP on the expression of aromatase in the 
cultured zebrafish follicle cells in the presence and absence of H89 (10 /zM), a 
specific P K A inhibitor. H89 effectively blocked the db-cAMP (0.3 mM)-induced 
aromatase expression (Fig.3-11). 
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Fig. 3-11 Effects of db-cAMP (0.3 m M , 18 hr) on the expression of aromatase in 
the cultured zebrafish follicle cells in the absence or presence of H89 
(10 ixM). The expression levels were normalized by G A P D H and 
expressed as the percentage of control. Each value represents the mean 
土 S E M of independent RT-PCR reactions of three replicates. **, 
PO.OOl vs control. #, PO.OOl. 
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3.3.6 Effects of insulin-like growth factor I (IGF-I) on aromatase expression in the 
zebrafish ovarian fragments 
To investigate whether IGF-I regulates the expression of aromatase in the 
zebrafish ovarian fragments, a dose response experiment was performed. 
Treatment of the ovarian fragments with IGF-I for 24 hr significantly increased 
aromatase expression in a dose-dependent manner. The maximal stimulatory 
effect of IGF-I was observed at 100 ng/ml (Fig. 3-12). 
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Fig. 3-12 Dose response of IGF-I effect on the expression of aromatase in the 
zebrafish ovarian fragments. The expression levels were normalized by 
G A P D H and expressed as the percentage of control. Each value 
represents the mean 士 S E M of independent RT-PCR reactions on six 
individual zebrafish. *，P<0.05; **, P<0.001 vs control 
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3.3.7 Effects of activin on aromatase expression in zebrafish ovarian fragments 
In order to examine whether activin regulates the expression of aromatase in 
the zebrafish ovarian fragments, a time course experiment was performed. 
However, treatment of the ovarian fragments with 4 U/ml activin for different 
periods of time did not show any significant effect on the aromatase expression 
(Fig. 3-13). Co-treatment of ovarian fragment with activin (4.5 U/ml) and hCG 
(10 lU/ml) for 2 hr also showed no effect of activin on either the basal or 
hCG-stimulated aromatase expression. (Fig. 3-14). 
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Fig. 3-13 Time course of activin effect on the expression of aromatase in the 
zebrafish ovarian fragments. The graph was plotted based on 4 
individual experiments with activin treatment of different periods of 
time. The expression levels were normalized by G A P D H and expressed 
as the percentage of respective control. Each value represents the mean 
土 S E M of independent RT-PCR reactions on six individual zebrafish for 
the treatments of 2, 4 and 8 hr and nine individual fish for the treatment 
of24hr. 
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Fig. 3-14 Effects of activin (4.5 U/ml, 2 hr) on the expression of aromatase in the 
zebrafish ovarian fragments in the absence or presence of hCG (10 
lU/ml). The expression levels were normalized by G A P D H and 
expressed as the percentage of control. Each value represents the mean 
土 S E M of independent RT-PCR reactions on six individual zebrafish. 
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3.4 Discussion 
In the present study, altogether three different approaches were used to study 
the regulation of aromatase expression in the zebrafish ovary, including primary 
follicle cell culture, in vitro incubation of freshly isolated mid-vitellogenic 
follicles and in vitro incubation of ovarian fragments. The rationale for using 
these three different methods is that after 6 days of incubation, the expression 
level of aromatase in the primary follicle cell culture became very low (Fig. 3-2), 
and responded very poorly to the treatment with gonadotropins. However, the 
cells responded very well to the pharmacological drugs which increase the 
intracellular cAMP level, including cAMP analog and forskolin. The poor 
response to gonadotropin (hCG) but not cAMP suggests that the cultured follicle 
cells might have lost essential gonadotropin receptors, as has been recently 
demonstrated in our laboratory (Kwok and Ge, unpublished data). Another 
possible reason for the poor response to hCG is that instead of LH/hCQ it might 
be FSH that serves as the principal stimulator of aromatase expression in the 
zebrafish ovary. Recent evidence from our laboratory showed that the 
expression profile of FSH receptor during the follicle development was similar to 
that of aromatase, which was distinct from that of LH receptor (Kwok and Ge, 
unpublished data). This hypothesis would have to be tested with fish FSH. To 
solve this problem, we used in vitro incubation of freshly isolated mid-vitellogenic 
follicles which exhibited the highest level of aromatase expression. Although 
hCG induced a significant increase in the follicle aromatase expression, the 
procedure for isolating the mid-vitellogenic follicles is too tedious and 
time-consuming. Sometimes, by the time when the isolation was finished, the 
fully grown follicles had already shown signs of maturation. To alleviate this 
problem, we then developed an in vitro incubation of ovarian fragments, which 
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responded to hCG treatment consistently. 
An interesting result showed that the expression level of aromatase in the 
primary follicle cell culture sharply declined after 6 days of incubation (Fig. 3-2), 
this strongly suggests that an appropriate endocrine environment present in vivo is 
vital in maintaining the normal level of aromatase expression in the fish ovary. 
Using zebrafish ovarian fragments, we first demonstrated that both hCG and 
goldfish pituitary extract are powerful stimulator of aromatase expression in the 
zebrafish ovary. Treatment of the ovarian fragments with hCG for 2 hr at 10 
lU/ml caused a maximal increase of aromatase expression and longer treatment 
diminished the response. However, treatment of the freshly isolated 
mid-vitellogenic follicles with hCG for 18 hr at 15 lU/ml caused the maximal 
increase of aromatase expression. The reason why 18 hr treatment did not 
diminish the effect of hCG response may be due to the presence of IBMX in the 
culture medium, since IBMX inhibits the action of phosphodiesterase to break 
down the intracellular cAMP. 
Our present finding that gonadotropin upregulate aromatase expression is in 
good agreement with several previous studies using other teleost species. In 
salmonids, both aromatase activity (Kagawa et al., 1983) and its m R N A levels 
(Tanaka et al” 1992) increase during the vitellogenic oocyte growth. These 
results suggest that FSH regulates E2 production through stimulating the 
aromatase gene expression and enzyme activity during vitellogenic period. In 
the killifish, homologous pituitary extract enhances aromatase activity in the 
ovarian follicles (Petrino et al, 1989). In vitro experiments have shown that 
gonadotropins induce aromatase activity in ovarian follicles of goldfish (Kagawa 
et al., 1984) and medaka (Nagahama et al., 1991) but not in amago salmon (Young 
et al., 1983b). However, it remains unclear whether FSH and LH have different 
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roles in the expression and activation of aromatase in teleosts since most in vitro 
studies have been performed with either partially purified chinook salmon 
gonadotropin (Young et al., 1983b) or heterologous gonadotropins, such as hCG 
(Kagawa et al., 1984) and pregnant mare serum gonadotropin (Nagahama et al., 
1991). Nevertheless, there is a report in the red seabream that both aromatase 
activity and its expression can be stimulated by LH isolated from red seabream 
pituitary, but not FSH (Kagawa et al, 2003). This is in contrast with the 
situation in mammals. It is generally believed that in mammals, FSH is the 
primary stimulator of aromatase expression and its activity, as demonstrated in 
rats, humans and ruminants (Campbell et al., 1996; Fitzpatrick & Richards，1991; 
Gutierrez et al, 1997; Steinkampf et al., 1987). Aromatase expression can be 
markedly upregulated by the exposure of bovine follicles to high FSH (Garverick 
et al., 2002). Besides, the aromatase expression level in the chicken is 
stimulated by human FSH, and the levels of upregulation are much higher than 
that by hCG in the cultured ovarian cells from the chicken embryo (Gomez et al., 
2001). 
Since hCG is a LH-like hormone with high binding affinity to the L H 
receptor, a conclusion can be drawn in the present study that LH stimulates the 
aromatase expression in the zebrafish ovary. However, recent results from our 
laboratory (Kwok and Ge, unpublished data) showed that zebrafish FSH receptor 
exhibits a distinct expression profile similar to that of aromatase during 
folliculogenesis, which is different from that of the L H receptor, suggesting that 
FSH might play a key role in the regulation of aromatase expression. Moreover, 
it is generally believed that there is a L H surge before ovulation, which is 
consistent to the expression profile of the zebrafish LH receptor whose expression 
is the highest at the fully grown follicles (Kwok and Ge, unpublished data). If 
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L H plays key roles in controlling aromatase expression, the enzyme should be 
expressed at high levels at this stage. However, aromatase was expressed at an 
undetectable level at this stage, suggesting that L H might not play a dictating role 
in regulating the aromatase expression. In addition, goldfish pituitary extract 
used in the present study significantly stimulated the expression of aromatase. In 
the pituitary extract, there is a mixture of hormones including FSH and L H as well 
as other peptide hormones. FSH in the pituitary extract may also play a role in 
the stimulatory effect of the pituitary extract on the aromatase expression. Taken 
together, FSH might be the principal stimulator of the aromatase expression, as 
described in mammals. However, this hypothesis would have to be tested by fish 
recombinant FSH and LH. 
It is generally accepted that the actions of gonadotropins are mediated by 
c A M P (Catt & Dufau，1976; Leung & Steele，1992; Marsh, 1976). This is also 
evident in the zebrafish ovary (Wang & Ge，2003). In the present study, 
db-cAMP and forskolin that increase the intracellular cAMP levels could both 
mimic the effects of hCG and goldfish pituitary extract on aromatase expressioin. 
This finding also agrees with those in other teleost species. In the amago salmon, 
tilapia, goldfish and medaka, the aromatase activity in the ovary can be increased 
by in vitro incubation of the vitellogenic ovarian follicles with drugs that increase 
intracellular c A M P levels such as db-cAMP and forskolin (Bogomolnaya & Yaron, 
1984; Nagahama et al., 1991; Tan et al., 1986; Young et al., 1983c). 
Considering that c A M P is the downstream mediator of gonadotropin action, 
the potency of the drugs increasing c A M P level and hCG in stimulating the 
aromatase expression should be more or less similar. However, it seems that 
c A M P is generally more potent than hCG in upregulating the aromatase 
expression, which is another clue that L H is not the principal stimulator of 
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aromatase expression. 
Most of the cAMP effects in cells are mediated by the activation of 
cAMP-dependent protein kinase A (PKA). To examine whether P K A is involved 
in the regulation of aromatase expression by cAMP, we further investigated the 
effects of db-cAMP in the presence of H89，a specific P K A inhibitor. H89 could 
significantly block the db-cAMP-induced aromatase expression, strongly 
implicating that cAMP-PKA is involved in the aromatase expression in the 
zebrafish ovarian follicle cells. This is consistent with the fact that there are 
three putative cAMP-responsive elements (CREs) located on the promoter region 
of the zebrafish ovarian aromatase gene (Kazeto et al., 2001). 
IGF-I is an important intra-ovarian regulator in vertebrates. In the present 
study, the effect of IGF-I on the regulation of the expression of aromatase was 
examined. Treatment of the zebrafish ovarian fragments with IGF-I for 24 hr at 
100 ng/ml gave the maximal stimulation of the aromatase expression. This 
result well agrees with those conducted in other species. In the red seabream, 
IGF-I stimulates both basal and LH-induced aromatase activity as well as the 
m R N A expression (Kagawa et al, 2003). Besides, recombinant human IGF-I 
stimulates the aromatase activity in the coho salmon (Maestro et al., 1997). 
While in mammals, IGF-I can stimulate the FSH-induced aromatase activity and 
expression in the bovine ovary (Silva & Price，2002). In addition, IGF-I alone or 
in combination with FSH, stimulates the aromatase expression as well as its 
activity in humans (Bergh et al., 1991; Christman et al” 1991; Erickson et al., 
1989; Mason et al., 1993; Steinkampf et al, 1988; Yong et al., 1992). 
In the red seabream, IGF-I is localized in the granulosa cells (Kagawa et al., 
1995; Schmid et al., 1999). Besides, it is evident that IGF-I receptors are present 
in both the granulosa and theca-interstitial cell layers of the salmon ovarian 
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follicle (Maestro et al., 1997) and carp ovary (Gutie'rrez et al.，1993). These data 
indicate that IGF-I produced in the granulosa cells regulates aromatase activity in 
the granulosa cells through autocrine mechanisms. 
Activin is another important intra-ovarian regulator in vertebrates. In the 
ovary, activin promotes folliculogenesis and steroidogenesis in both mammals and 
teleosts. Besides, result from our laboratory shows that the expression profile of 
the activin (3A subunit during zebrafish ovarian and follicle development is similar 
to that of aromatase (Wang and Ge, to be published), suggesting that activin may 
play a role in the control of aromatase expression in the zebrafish ovary. As a 
result, in the present study, the role of activin in the regulation of aromatase was 
also investigated. However, treatment of the zebrafish ovarian fragments with 
activin at all time points gave no effect on the aromatase expression. Even when 
activin was co-treated with hCG on the ovarian fragments, there was still no effect 
on the aromatase expression, despite the upregulation of the aromatase expression 
by h C G These results suggest that activin is not involved in the control of 
aromatase expression. As an important intra-ovarian factor with abundant 
expression in the follicle cells in the zebrafish (Wang and Ge, to be published), 
activin might play its regulatory roles in other aspects of ovarian development 
through autocrine and/or paracrine mechanisms. In mammals, however, activin 
has been found to be involved in the control of aromatase expression. In the rat 
and bovine ovary, activin enhances the FSH-induced aromatase activity 
(Hutchinson et al., 1987; Miro et al, 1991; Xiao & Findlay，1991; Xiao et al., 
1990). It also enhances the basal, FSH- and LH-induced aromatase expression in 
the granulosa cells from the marmoset monkey (Miro & Hillier，1992). However, 
activin has also been reported to inhibit aromatase activity in cultured human 
granulosa cells (Rabinovici et al., 1992). 
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In summary, the present study provides a direct evidence that pituitary 
gonadotropin has a strong stimulatory effect on the expression of aromatase in the 
zebrafish ovary. Using a novel primary follicle cell culture system, the effect of 
gonadotropin could be mimicked by the drugs that increase the intracellular 
c A M P level. The gonadotropin regulation of aromatase expression is potentially 
mediated by cAMP-PKA pathway. An intra-ovarian growth factor, IGF-I, also 
significantly upregulates the expression of aromatase in the zebrafish ovary. 
However, another important intra-ovarian regulator, activin, does not seems to 
have significant effect on the basal and gonadotropin-induced expression of 




As critical female sex steroid hormones, estrogens regulate biochemical and 
physiological processes essential for reproduction within various tissues through 
endocrine, paracrine, and/or autocrine actions. In teleosts, estradiol-17/3 (E2), a 
major estrogen in vertebrates, is an important steroid responsible for oocyte 
growth and development, and its major role is to stimulate hepatic vitellogenesis, 
the process which produces the precursor for the formation of yolk in the growing 
oocyte. Cytochrome P450 aromatase, a product of cypl9 gene, is the key 
enzyme catalyzing the conversion of androgens to estrogens (Nebert & Gonzalez， 
1987; Simpson et al., 1994). Due to its catalytic function, aromatase has a 
unique potential to influence the physiological balance between sex steroid 
hormones. In teleosts, it is generally believed that the ovarian aromatase not 
only is responsible for E2 production, which is important for follicle growth and 
development, but is also involved in the steroidogenic shift, which governs the 
transition of follicle development from growth to maturation (Kagawa et al., 1983; 
Kanamori et al, 1988; Young et al., 1983b; Young et al, 1983c). As a result, the 
appropriate expression of this enzyme and its regulation are crucial for normal 
ovarian development and thus, reproduction in teleosts. 
In vertebrates, aromatase is mainly expressed in the gonads and brain 
(Simpson et al” 1994). In the mammalian ovary, the expression of aromatase is 
much higher in the granulosa cells of the preovulatory follicles than in small 
follicles (Hickey et al., 1988). While in the teleost ovary, it is generally believed 
that aromatase is expressed in the granulosa cells. In amago salmon, the 
granulosa cells isolated from vitellogenic follicles, but not theca cells, can convert 
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exogenous testosterone to E2 in vitro (Young et al., 1983b), suggesting the 
presence of aromatase in the granulosa cells. Interestingly, in some fish species 
like goldfish and zebrafish, two subtypes of aromatase are expressed, with cypl9a 
expressed abundantly in the ovary whereas cypl9b mainly in the brain (Chiang et 
al., 2001a; Tchoudakova & Callard，1998). Over the years, only a few studies 
have been conducted to investigate the expression pattern of aromatase in the 
teleost ovary. Despite this, there has been evidence that the ovarian aromatase is 
mainly expressed in the vitellogenic follicles during oogenesis, consistent with the 
function of estrogens in fish ovarian development (Chang et al., 1997; Chiang et 
al., 2001a; Fukada et al., 1996; Tanaka et al, 1992). In the medaka, amago 
salmon, tilapia, red seabream and channel catfish, the expression or enzyme 
activity of aromatase increases in the growing follicles during vitellogenesis but 
decreases rapidly prior to oocyte maturation (Chang et al., 1997; Fukada et al, 
1996; Gen et al, 2001; Kanamori et al., 1988; Sampath Kumar et al, 2000). 
In mammals, extensive studies have been conducted to characterize the 
regulators involved in the control of aromatase expression. In mammals and 
birds, FSH is the primary stimulator of aromatase expression as well as its activity 
(Campbell et al., 1996; Fitzpatrick & Richards, 1991; Garverick et al., 2002; 
Gomez et al, 2001; Gutierrez et al., 1997; Steinkampf et al., 1987). In 
agreement with this, the aromatase level in the granulosa cells of the FSH/S 
knockout mice is markedly decreased (Bums et al, 2001). In addition to 
gonadotropins, the involvement of growth factors, such as insulin-like growth 
factor (IGF-I), in follicular development and oocyte maturation has recently 
caught much attention (Adashi et al, 1985a). In humans and cows, IGF-I 
stimulates the FSH-induced aromatase expression as well as its activity (Bergh et 
al., 1991; Christman et al, 1991; Erickson et al., 1989; Mason et al., 1993; Silva 
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& Price，2002; Steinkampfet al, 1988; Yong et al, 1992). In addition to IGF-I, 
other growth factors like epidermal growth factor (EGF) and transforming growth 
factor-o! (TGFa) are also involved in regulating aromatase expression; however, 
they have been found to inhibit FSH-induced aromatase expression and its activity 
in humans and monkeys (Gougeon & Busso，2000; Mason et al., 1990; 
Steinkampf et al., 1988). Another growth factor that is also involved in the 
control of the aromatase expression is activin. It enhances both the basal and the 
FSH- and LH-induced aromatase expression and activity in rats, cows and humans 
(Findlay, 1993; Hutchinson et al., 1987; Miro & Hillier, 1992; Miro et al., 1991; 
Mukasa et al, 2003; Xiao & Findlay，1991; Xiao et al., 1990). In agreement 
with this, follistatin, an activin-binding protein that neutralizes the actions of 
activin, exerts an inhibitory effect on the FSH-induced aromatase activity in rats 
(Xiao & Findlay，1991; Xiao et al, 1990). 
In contrast to the extensive studies in mammals, the mechanisms by which 
aromatase is regulated in teleosts remains poorly understood. Considering that 
E2 plays a unique role in controlling vitellogenesis in non-mammalian vertebrates, 
the issue is particularly important for understanding the control of ovarian 
development and functions in non-mammals. In several teleost species, 
gonadotropins have been shown to induce aromatase activity and expression in 
ovarian follicles. In the goldfish, the aromatase activity is stimulated by 
incubating the vitellogenic follicles with hCG in vitro (Kagawa et al., 1984)，while 
in the medaka, the aromatase activity is also induced by in vitro incubation of the 
early vitellogenic follicles with pregnant mare serum gonadotropin (Nagahama et 
al.，1991). In the red seabream, it is found that LH, but not FSH stimulates both 
aromatase expression and activity (Kagawa et al., 2003). In the red seabream 
and coho salmon, IGF-I stimulates both basal (Kagawa et al., 2003; Maestro et al, 
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1997) and LH-induced aromatase activity as well as the m R N A expression 
(Kagawa et al., 2003). 
Despite these studies, many issues concerning the expression profile and its 
control in the teleost ovary are still poorly understood. Using zebrafish as the 
model, the first part of the present study was undertaken to investigate the 
expression profiles of the ovarian aromatase during sexual maturation, from 
pre-pubertal to post-pubertal stages, and in the entire course of folliculogenesis in 
the zebrafish. In the second part, the regulation of aromatase expression by 
several potential factors and the potential second messenger mechanisms involved 
were investigated. 
4.1 Expression profiling of aromatase in the zebrafish ovarian and follicle 
development 
Using semi-quantitative RT-PCR analysis, the expression patterns of the 
zebrafish aromatase during ovarian and follicle development were demonstrated at 
the organ and follicle levels. 
In the course of zebrafish ovarian development, from pre-pubertal to 
post-pubertal stage, the aromatase exhibited a distinct expression profile in which 
the expression level increased markedly from pre-vitellogenic ovary to 
mid-vitellogenic follicles. This expression pattern of aromatase implicates that 
the enzyme is involved in the onset of puberty and progression of sexual 
maturation, which is consistent with its documented function in promoting 
vitellogenesis in fish and other non-mammalian vertebrates as well. This 
experiment represents the first study on aromatase expression during sexual 
maturation at the transcriptional level. 
In the adult zebrafish ovary, a distinct stage-dependent expression pattern of 
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aromatase was demonstrated during the entire course of folliculogenesis. 
Similar to the expression profile during sexual maturation, aromatase expression 
increased significantly from the primary growth follicles to mid-vitellogenic 
follicles throughout follicle growth and vitellogenesis, but dropped dramatically in 
the fully grown follicles. This stage-dependent expression profile of aromatase 
during follicle development agrees well with the production of E2 during the 
ovarian cycle in which the expression of aromatase increases along vitellogenesis 
to produce more E2 for hepatic vitellogenin synthesis, followed by a decrease 
prior to oocyte maturation to possibly let the granulosa cells to acquire the 
capacity to express another enzyme, 20/3-HSD，which is important for oocyte 
maturation. (Fig. 4-1) 
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Fig. 4-1 Schematic diagram showing the expression level of aromatase, FSH and 
LH during folliculogenesis in the zebrafish. PG: primary growth; PV: 
pre-vitellogenic; EV: early vitellogenic; MV: mid-vitellogenic; FG: fully 
grown. The aromatase expresses at a very low level in the PG follicles 
and dramatically increases during the follicle growth and throughout the 
process of vitellogenesis and reaches the maximal level at the M V 
follicles. However, its expression level drastically drops to an 
undetectable level in the FG follicles. The zebrafish FSH receptor show 
a similar expression profile to that of aromatase. 
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4.2 Mechanisms for the dynamic expression of aromatase 
As in other teleosts, the expression of aromatase in the zebrafish ovary 
exhibits a distinct pattern during sexual maturation, which is closely associated 
with the stage of follicle development. This stage-dependent pattern fully agrees 
with the physiological role played by aromatase in fish. One interesting question 
to address is how the enzyme expression is controlled during the ovarian cycle. 
Since gonadotropin is the key driver for ovarian steroidogenesis as well as 
folliculogenesis, the role of gonadotropin in regulating the expression of 
aromatase was first investigated in the zebrafish ovary. Similar to the results 
reported in some mammals and teleosts, gonadotropin (hCG) significantly 
upregulated the expression of aromatase in the ovarian fragments. The 
regulation of aromatase expression by hCG was also confirmed by the treatment 
of the ovarian fragments with goldfish pituitary extract. Besides, the 
pharmacological drugs including db-cAMP and forskolin, which increase the 
intracellular cAMP level, also mimicked the actions of gonadotropin (hCG and 
goldfish pituitary extract) in the cultured follicle cells, suggesting that 
gonadotropin may work through increasing the intracellular cAMP level. 
Furthermore, the db-cAMP-induced aromatase expression was significantly 
inhibited by H89, a specific protein kinase A (PKA) inhibitor, implicating that the 
PKA-dependent pathway is involved in the regulation of aromatase expression. 
The present study also examined the roles of intra-ovarian regulators such as 
IGF-I and activin in the control of aromatase expression in the zebrafish ovary. 
IGF-I significantly stimulated the expression of aromatase in the ovarian 
fragments. Since lines of evidence have shown that IGF-I and its receptors are 
expressed in the granulosa cells of the ovarian follicles (Gutie'rrez et al, 1993; 
Kagawa et al, 1995; Maestro et al.，1997; Schmid et al., 1999)，IGF-I might play 
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its regulatory role in the aromatase expression via an autocrine manner. (Fig. 4-2) 
However, activin showed no effect on the basal and hCG-induced aromatase 
expression in the ovarian fragments, suggesting that activin is not involved in the 
control of aromatase expression, although recent results from our laboratory 
showed that the expression profile of activin (3A subunit in the zebrafish ovary is 
similar to that of aromatase (Wang and Ge, to be published). As an important 
intra-ovarian factor with abundant expression in the follicle cells in the zebrafish 
(Wang and Ge, to be published), activin might play its regulatory roles in 
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Fig. 4-2 Proposed model for the regulation of the aromatase expression by 
gonadotropin and IGF-I in the zebrafish. Gonadotropin(s), cAMP, 
protein kinase A and IGF-I are involved in the regulation of aromatase 
expression. Gonadotropin(s) regulate the expression of aromatase 
possibly via the cAMP/protein kinase A pathway. IGF-I controls the 
expression of aromatase possibly in the autocine manner. 
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4.3 Contribution of the present study 
Using zebrafish as a model, the present study shows results consistent with 
those reported in mammals and other teleost species, suggesting that zebrafish 
could be a good model for further studies on aromatase expression and its 
regulation. More importantly, this study provides the evidence, for the first time, 
that aromatase exhibits a distinct and dynamic expression profile during the 
development of the ovary before and after sexual maturation as well as the entire 
course of folliculogenesis at the transcriptional level. 
Previous studies on aromatase have been conducted in some fish species that 
are large in size and take relatively long time for sexual maturation, for example 
the salmonid species. In the contrary, zebrafish is small in size, which possesses 
a daily ovulatory cycle and takes relatively shorter time to reach sexual maturation, 
allowing a convenient and detailed analysis of the gene expression during sexual 
maturation and ovarian development. All these properties make zebrafish an 
excellent model for the profiling and regulation studies on aromatase. 
Since the zebrafish ovarian aromatase exhibits a distinct expression pattern 
with drastic changes in the expression level in different developmental stages, it 
may serve as a good marker for the physiological state of the granulosa cells 
during the ovarian and follicle development. 
In conclusion, the present study not only provides convincing evidence for 
the temporal expression of aromatase in the zebrafish during ovarian and follicle 
development, but also offers important information on its regulation by various 
factors. Taken together, these lines of evidence would lead to a better 
understanding of this important steroidogenic enzyme and provide a deeper 
insight into the molecular aspects of steroidogenesis and its control. Using 
zebrafish as a model, the present study also opens up the door for the future 
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investigation on this important enzyme. 
4.4 Future prospects 
As demonstrated by the present study, gonadotropin regulates the expression 
of aromatase in the zebrafish ovary. However, the gonadotropin used in the 
present study is h C Q which is believed to be a LH-like hormone, while goldfish 
pituitary extract is a mixture of FSH and LH as well as other peptide hormones. 
Therefore, it remains unknown whether and how FSH is involved in the control of 
aromatase expression in the zebrafish. In mammals, it is generally believed that 
FSH is the primary stimulator of the expression of aromatase (Campbell et al, 
1996; Fitzpatrick & Richards, 1991; Garverick et al, 2002; Gomez et al., 2001; 
Gutierrez et al., 1997; Steinkampf et al., 1987). However, in fish, it has been 
reported in the red seabream that it is LH, not FSH, that regulates the expression 
of aromatase. In the zebrafish, evidence from our laboratory showed that it is FSH 
receptor, but not LH receptor, that showed similar expression profile with that of 
aromatase (Kwok and Ge, unpublished data), strongly implicating FSH as the key 
factor in controlling aromatase expression. This hypothesis would have to be 
tested with fish FSH and LH, preferably in recombinant forms. 
In addition, there are many other intra-ovarian factors, which play important 
roles in the vertebrate reproduction such as growth differentiation factor 9 
(GDF-9)�fibroblast growth factor (FGF) and epidermal growth factor (EGF). 
The effects of these factors on aromatase expression should also be examined in 
future studies. Since aromatase is a determining factor in driving oocyte growth 
and development in fish and other non-mammalian vertebrates, understanding its 




Abney, T. O. (1999). The potential roles of estrogens in regulating Leydig cell 
development and function: a review. Steroids 64，610-7. 
Adashi, E. Y.，Resnick, C. E.，Brodie, A. M., Svoboda, M. E. & Van Wyk, J. J. 
(1985a). Somatomedin-C-mediated potentiation of follicle-stimulating 
hormone-induced aromatase activity of cultured rat granulosa cells. 
Endocrinology 117，2313-20. 
Adashi, E. Y.，Resnick, C. E.，D丨Ercole，A. J., Svoboda, M. E. & Van Wyk, J. J. 
(1985b). Insulin-like growth factors as intraovarian regulators of granulosa 
cell growth and function. Endocr Rev 6, 400-20. 
Akhtar, M.，Lee-Robichaud, P., Akhtar, M. E. & Wright, J. N. (1997). The impact 
of aromatase mechanism on other P450s. J Steroid Biochem Mol Biol 61, 
127-32. 
Angervo, M., Koistinen, R.，Suikkari, A. M. & Seppala，M. (1991). Insulin-like 
growth factor binding protein-1 inhibits the D N A amplification induced by 
insulin-like growth factor I in human granulosa-luteal cells. Hum Reprod 6, 
770-3. 
Baker, J.，Hardy, M. P., Zhou, J., Bondy, C.，Lupu, R, Bellve，A. R. & Efstratiadis， 
A. (1996). Effects of an Igfl gene null mutation on mouse reproduction. 
Mol Endocrinol 10，903-18. 
Bell, G I., Stempien, M . M.，Fong, N. M. & Rail，L. B. (1986). Sequences of liver 
, cDNAs encoding two different mouse insulin-like growth factor I 
precursors. Nucleic Acids Res 14, 7873-82. 
Bell, G I.，Stempien, M. M.，Fong, N. M. & Seino, S. (1990). Sequence of a 
c D N A encoding guinea pig IGF-I. Nucleic Acids Res 18，4275. 
Bergh, C.，Olsson, J. H. & Hillensjo，T. (1991). Effect of insulin-like growth 
factor I on steroidogenesis in cultured human granulosa cells. Acta 
Endocrinol (Copenh) 125, 177-85. 
89 
Billard, R. (1992). Reproduction in rainbow trout: sex differentiation, dynamics of 
gametogenesis, biology and preservation of gametes. Aquaculture 100, 
263-298. 
Boerboom, D., Kerban, A. & Sirois，J. (1999). Dual regulation of promoter II- and 
promoter 1 f-derived cytochrome P450 aromatase transcripts in equine 
granulosa cells during human chorionic gonadotropin-induced ovulation: a 
novel model for the study of aromatase promoter switching. 
Endocrinology 140, 4133-41. 
Bogomolnaya, A. & Yaron, Z. (1984). Stimulation in vitro of estradiol secretion 
by the ovary of a cichlid fish, Sarotherodon aureus. Gen Comp Endocrinol 
53，187-96. 
Britt, K. L.，Drummond, A. E.，Cox, V. A., Dyson, M., Wreford，N. G，Jones, M. 
E.，Simpson, E. R. & Findlay，J. K. (2000). An age-related ovarian 
phenotype in mice with targeted disruption of the Cyp 19 (aromatase) gene. 
Endocrinology 141, 2614-23. 
Britt, K. L. & Findlay，J. K. (2002). Estrogen actions in the ovary revisited. J 
Endocrinol 175, 269-76. 
Bromage, N. R.，Whitehead, C. & Breton，B. (1982). Relationships between 
serum levels of gonadotropin, oestradiol-17/5, and vitellogenin in the 
control of ovarian development in the rainbow trout. 11. The effects of 
alterations in environmental photoperiod. Gen Comp Endocrinol 47， 
366-76. 
Bums, K. H.，Yan, C.，Kumar, T. R. & Matzuk，M. M. (2001). Analysis of ovarian 
gene expression in follicle-stimulating hormone /3 knockout mice. 
Endocrinology 142，2742-51. 
Callard, G V.’ Petro, Z. & Ryan，K. J. (1981a). Biochemical evidence for 
aromatization of androgen to estrogen in the pituitary. Gen Comp 
Endocrinol 44，359-64. 
Callard, G V.，Petro, Z. & Ryan，K. J. (1981b). Estrogen synthesis in vitro and in 
vivo in the brain of a marine teleost {Myoxocephalus). Gen Comp 
Endocrinol 43, 243-55. 
90 
Campbell, B. K.，Scaramuzzi, R. J. & Webb，R. (1996). Induction and 
maintenance of oestradiol and immunoreactive inhibin production with 
FSH by ovine granulosa cells cultured in serum-free media. J Reprod 
Fertil 106，7-16. 
Cao，Q. P., Duguay, S. J.，Plisetskaya, E.，Steiner, D. F. & Chan, S. J. (1989). 
Nucleotide sequence and growth hormone-regulated expression of salmon 
insulin-like growth factor I m R N A . Mol Endocrinol 3, 2005-10. 
Cardwell, J. R. & Liley, N. R. (1991). Hormonal control of sex and color change 
in the stoplight parrotfish, Sparisoma viride. Gen Comp Endocrinol 81, 
7-20. 
Catt, K. J. & Dufau, M. L. (1976). Basic concepts of the mechanism of action of 
peptide hormones. Biol Reprod 14，1-15. 
Chang, X. T.’ Kobayashi, T.，Kajiura, H., Nakamura, M. & Nagahama, Y. (1997). 
Isolation and characterization of the c D N A encoding the tilapia 
{Oreochromis niloticus) cytochrome P450 aromatase (P450arom): changes 
in P450arom m R N A , protein and enzyme activity in ovarian follicles 
during oogenesis. J Mol Endocrinol 18, 57-66. 
Chen, C. L. (1993). Inhibin and activin as paracrine/autocrine factors. 
Endocrinology 132，4-5. 
Chiang, E. R, Yan, Y. L.，Guiguen, Y., Postlethwait, J. & Chung，B. (2001a). Two 
Cypl9 (P450 aromatase) genes on duplicated zebrafish chromosomes are 
expressed in ovary or brain. Mol Biol Evol 18, 542-50. 
Chiang, E. F.，Yan, Y. L.，long, S. K.，Hsiao, P. H.，Guiguen, Y.，Postlethwait, J. & 
Chung, B. C. (2001b). Characterization of duplicated zebrafish cypl9 
genes. J Exp Zool 290，709-14. 
Christman, G M.，Randolph, J. F.，Jr., Peegel, H. & Menon, K. M. (1991). 
Differential responsiveness of luteinized human granulosa cells to 
gonadotropins and insulin-like growth factor I for induction of aromatase 
activity. Fertil Steril 55, 1099-105. 
91 
Chun, S. Y.，Eisenhauer, K. M.，Minami, S.，Billig, H., Perlas, E. & Hsueh, A. J. 
(1996). Hormonal regulation of apoptosis in early antral follicles: 
follicle-stimulating hormone as a major survival factor. Endocrinology 137， 
1447-56. 
Conley, A. & Hinshelwood，M. (2001). Mammalian aromatases. Reproduction 
121,685-95. 
Corbin, C. J., Graham-Lorence, S.，McPhaul, M.，Mason, J. I., Mendelson, C. R. 
& Simpson，E. R. (1988). Isolation of a full-length c D N A insert encoding 
human aromatase system cytochrome P-450 and its expression in 
nonsteroidogenic cells. Proc Natl Acad Sci U SA 85, 8948-52. 
Couse, J. F. & Korach, K. S. (1999). Estrogen receptor null mice: what have we 
learned and where will they lead us? Endocr Rev 20, 358-417. 
Dalla Valle, L.，Lunardi, L.，Colombo, L. & Belvedere, P. (2002). European sea 
bass {Dicentrarchus labrax L.) cytochrome P450arom: c D N A cloning, 
expression and genomic organization. J Steroid Biochem Mol Biol 80, 
25-34. 
Daughaday, W. H. & Rotwein，P. (1989). Insulin-like growth factors I and 11. 
Peptide, messenger ribonucleic acid and gene structures, serum, and tissue 
concentrations. Endocr Rev 10, 68-91. 
Delafontaine, P., Lou, H., Harrison, D. G & Bernstein, K. E. (1993). Sequence of 
a c D N A encoding dog insulin-like growth factor 1. Gene 130，305-6. 
Di Blasio, A. M.，Vigano, P. & Ferrari, A. (1994). Insulin-like growth factor-II 
stimulates human granulosa-luteal cell proliferation in vitro. Fertil Steril 
61,483-7. 
Di Fiore, M . M.，Assisi, L. & Botte，V. (1998). Aromatase and testosterone 
receptor in the liver of the female green frog, Rana esculenta. Life Sci 62， 
1949-58. 
Doody, K. J., Lorence，M. C.，Mason, J. I. & Simpson, E. R. (1990). Expression of 
messenger ribonucleic acid species encoding steroidogenic enzymes in 
human follicles and corpora lutea throughout the menstrual cycle. J Clin 
92 
V 
Endocrinol Metab 70, 1041-5. 
Duguay, S. J., Chan, S. J., Mommsen, T. P. & Steiner, D. F. (1995). Divergence of 
insulin-like growth factors I and II in the elasmobranch, Squalus acanthias. 
FEBSLett 69-12. 
Duguay, S. J., Lai-Zhang, J., Steiner, D. R, Fimkenstein, B. & Chan, S. J. (1996). 
Developmental and tissue-regulated expression of IGF-I and IGF-II 
m R N A s in Spams aurata. JMol Endocrinol 16, 123-32. 
Elizur, A., Zmora，N.，Rosenfeld, H., Meiri, I.，Hassin，S.，Gordin，H. & Zohar，Y. 
(1996). Gonadotropins /3-GtHI and jS-GtHII from the gilthead seabream, 
Spams aurata. Gen Comp Endocrinol 102，39-46. 
Erickson, G F.，Garzo, V. G & Magoffin, D. A. (1989). Insulin-like growth 
factor-I regulates aromatase activity in human granulosa and granulosa 
luteal cells. J Clin Endocrinol Metab 69’ 716-24. 
Erickson, G. R, Garzo, V. G & Magoffm, D. A. (1991). Progesterone production 
by human granulosa cells cultured in serum free medium: effects of 
gonadotrophins and insulin-like growth factor I (IGF-I). Hum Reprod 6, 
1074-81. 
Ethier，J. F. & Findlay, J. K. (2001). Roles of activin and its signal transduction 
mechanisms in reproductive tissues. Reproduction 121, 667-75. 
Eto, Y.，Tsuji, T.，Takezawa, M.’ Takano, S.，Yokogawa, Y. & Shibai, H. (1987). 
Purification and characterization of erythroid differentiation factor (EDF) 
isolated from human leukemia cell line THP-1. Biochem Biophys Res 
Commun 142，1095-103. 
Fang, J.，Wang, S. Q.，Smiley, E. & Bonadio，J. (1997). Genes coding for mouse 
activin |3C and /3E are closely linked and exhibit a liver-specific expression 
pattern in adult tissues. Biochem Biophys Res Commun 231, 655-61. 
Fang, J., Yin, W.，Smiley, E.，Wang, S. Q. & Bonadio，J. (1996). Molecular 
cloning of the mouse activin 阳 subunit gene. Biochem Biophys Res 
Commun 228, 669-74. 
93 
Findlay, J. K. (1993). An update on the roles of inhibin, activin, and follistatin as 
local regulators of folliculogenesis. Biol Reprod 48，15-23. 
Findlay, J. K.，Britt, K.，Kerr, J. B., O'Donnell, L.，Jones, M. E., Drummond, A. E. 
& Simpson, E. R. (2001). The road to ovulation: the role of oestrogens. 
Reprod Fertil Dev 13, 543-7. 
Fisher, C. R.’ Graves, K. H.，Parlow, A. F. & Simpson，E. R. (1998). 
Characterization of mice deficient in aromatase (ArKO) because of 
targeted disruption of the cypl9 gene. Proc Natl Acad Sci USA 95， 
6965-70. 
Fitzpatrick, S. L.，Carlone, D. L., Robker，R. L. & Richards, J. S. (1997). 
Expression of aromatase in the ovary: down-regulation of m R N A by the 
ovulatory luteinizing hormone surge. Steroids 62，197-206. 
Fitzpatrick, S. L. & Richards，J. S. (1991). Regulation of cytochrome P450 
aromatase messenger ribonucleic acid and activity by steroids and 
gonadotropins in rat granulosa cells. Endocrinology 129，1452-62. 
Fortune, J. E. (1994). Ovarian follicular growth and development in mammals. 
Biol Reprod 50, 225-32. 
Francis, G L.，McNeil, K. A., Wallace, J. C.，Ballard, F. J. & Owens，P. C. (1989a). 
Sheep insulin-like growth factors I and II: sequences, activities and assays. 
Endocrinology 124, 1173-83. 
Francis, G L.，Owens, P. C.，McNeil, K. A., Wallace, J. C. & Ballard，F. J. (1989b). 
Purification, amino acid sequences and assay cross-reactivities of porcine 
insulin-like growth factor-I and -11. J Endocrinol 122, 681-7. 
Francis, G L.，Upton, F. M.，Ballard, F. J.，McNeil, K. A. & Wallace，J. C. (1988). 
Insulin-like growth factors 1 and 2 in bovine colostrum. Sequences and 
biological activities compared with those of a potent truncated form. 
Biochem J25\,95-\Q2>. 
Froesch, E. R. & Zapf，J. (1985). IGFs/somatomedins: significance for growth. 
Prog Clin Biol Res 200，75-89. 
94 
Fukada, S.，Tanaka, M., Matsuyama, M.，Kobayashi, D. & Nagahama, Y. (1996). 
Isolation, characterization, and expression of cDNAs encoding the medaka 
{Oryzias latipes) ovarian follicle cytochrome P-450 aromatase. Mol 
Reprod Dev 45，285-90. 
Q H. t.，Neidhardt, H.，Schneider, C. & Pohl，J. (1995). Cloning of a new member 
of the TGF-jS family: a putative new activin /3C chain. Biochem Biophys 
Res Commun 206, 608-13. 
Garverick, H. A., Baxter, G, Gong, J., Armstrong, D. G.，Campbell, B. K.’ 
Gutierrez, C. G. & Webb, R. (2002). Regulation of expression of ovarian 
m R N A encoding steroidogenic enzymes and gonadotrophin receptors by 
FSH and G H in hypogonadotrophic cattle. Reproduction 123, 651-61. 
Ge, W.，Cook, H.，Peter, R. E.，Vaughan, J. & Vale，W. (1993a). 
Immunocytochemical evidence for the presence of inhibin and activin-like 
proteins and their localization in goldfish gonads. Gen Comp Endocrinol 
89，333-40. 
Ge, W., Gallin, W. J.，Strobeck, C. & Peter, R. E. (1993b). Cloning and 
sequencing of goldfish activin subunit genes: strong structural 
conservation during vertebrate evolution. Biochem Biophys Res Commun 
193,711-7. 
Ge, W.，Miura, T.，Kobayashi, H.，Peter, R. E. & Nagahama，Y. (1997). Cloning of 
c D N A for goldfish activin jSB subunit, and the expression of its m R N A in 
gonadal and non-gonadal tissues. J Mol Endocrinol 19, 37-45. 
Ge, W. & Peter，R. E. (1994). Activin-like peptides in somatotrophs and activin 
stimulation of growth hormone release in goldfish. Gen Comp Endocrinol 
95，213-21. 
Gen, K.，Okuzawa, K.，Kumakura, N., Yamaguchi, S. & Kagawa, H. (2001). 
Correlation between messenger R N A expression of cytochrome P450 
aromatase and its enzyme activity during oocyte development in the red 
seabream {Pagrus major). Biol Reprod 65，1186-94. 
Giudice, L. C. (1992). Insulin-like growth factors and ovarian follicular 
development. Endocr Rev 13，641-69. 
95 
Goetz, F. W., Fostier, A. Y.，Breton, B. & Jalabert，B. (1987). Hormonal changes 
during meiotic maturation and ovulation in the brook trout (Salvelinus 
fontinalis). Fish Physiol Biochem 3，203-211. 
Gomez, J. M.，Weil, C.，Ollitrault, M.，Le Bail, P. Y.，Breton, B. & Le Gac, F. 
(1999). Growth hormone (GH) and gonadotropin subunit gene expression 
and pituitary and plasma changes during spermatogenesis and oogenesis in 
rainbow trout {Oncorhynchus my kiss). Gen Comp Endocrinol 113, 413-28. 
Gomez, Y.，Velazquez, P. N.，Peralta-Delgado，1” Mendez，M. C.，Vilchis, F.， 
Juarez-Oropeza, M. A. & Pedemera, E. (2001). Follicle-stimulating 
hormone regulates steroidogenic enzymes in cultured cells of the chick 
embryo ovary. Gen Comp Endocrinol 121，305-15. 
Gore-Langton, R. E. & Armstrong，D. T. (1994). Follicular steroidogenesis and 
its control. In the Physiology of Reproduction. Eds E Knobil and JD Neill 
edit, Raven Press, NY. 
Gougeon, A. (1996). Regulation of ovarian follicular development in primates: 
facts and hypotheses. Endocr Rev 17，121-55. 
Gougeon, A. & Busso，D. (2000). Morphologic and functional determinants of 
primordial and primary follicles in the monkey ovary. Mol Cell Endocrinol 
163，33-42. 
Guler, A., Poulin, N., Mermillod, P., Terqui, M. & Cognie, Y. (2000). Effect of 
growth factors, EGF and IGF-I, and estradiol on in vitro maturation of 
sheep oocytes. Theriogenology 54, 209-18. 
Gutierrez, C. G，Campbell, B. K. & Webb，R. (1997). Development of a 
long-term bovine granulosa cell culture system: induction and 
maintenance of estradiol production, response to follicle-stimulating 
hormone, and morphological characteristics. Biol Reprod 56, 608-16. 
Gutie’rrez, J., Pa'rrizas, M.，Cameiro, N.，Maestro, J. L.，Maestro, M. A. & Planas, 
J. (1993). Insulin and IGF-I receptors and tyrosine kinase activity in carp 
ovaries: changes with reproductive cycles. Fish Physiol Biochem 11， 
247-254. 
96 
Harada, N. (1988). Cloning of a complete c D N A encoding human aromatase: 
immunochemical identification and sequence analysis. Biochem Biophys 
Res Commun 156，725-32. 
Hardy, K.，Wright, C. S.，Franks, S. & Winston, R. M. (2000). In vitro maturation 
of oocytes. Br Med Bull 56，588-602. 
Hassin, S., Elizur, A. & Zohar，Y. (1995). Molecular cloning and sequence 
analysis of striped bass {Morone saxatilis) gonadotrophin-I and -II 
subunits. J Mo I Endocrinol 15, 23-35. 
Hickey, G. J.，Chen, S. A., Besman, M. J., Shively, J. E.，Hall, P. F.，Gaddy-Kurten, 
D. & Richards，J. S. (1988). Hormonal regulation，tissue distribution, and 
content of aromatase cytochrome P450 messenger ribonucleic acid and 
enzyme in rat ovarian follicles and corpora lutea: relationship to estradiol 
biosynthesis. Endocrinology 122，1426-36. 
Hickey, G. J., Krasnow, J. S.，Beattie, W. G & Richards，J. S. (1990). Aromatase 
cytochrome P450 in rat ovarian granulosa cells before and after 
luteinization: adenosine 3 5 '-monophosphate-dependent and independent 
regulation. Cloning and sequencing of rat aromatase c D N A and 5' genomic 
D N A . Mol Endocrinol 4，3-12. 
Hillier, S. G (1985). Sex steroid metabolism and follicular development in the 
ovary. OxfRev Reprod Biol 7, 168-222. 
Hillier, S. G (1991). Regulatory functions for inhibit! and activin in human 
ovaries. J Endocrinol 131，171-5. 
Hillier, S. G, Whitelaw, P. F. & Smyth，C. D. (1994). Follicular oestrogen 
synthesis: the 'two-cell, two-gonadotrophin' model revisited. Mol Cell 
Endocrinol 100，51-4. 
Hillier, S. G, Yong，E. L.，Illingworth, P. J., Baird, D. T.，Schwall，R. H. & Mason， 
A. J. (1991a). Effect of recombinant activin on androgen synthesis in 
cultured human thecal cells. J Clin Endocrinol Metab 72, 1206-11. 
Hillier, S. G, Yong, E. L.，Illingworth, P. J.，Baird, D. T.，Schwall, R. H. & Mason, 
97 
A. J. (1991b). Effect of recombinant inhibin on androgen synthesis in 
cultured human thecal cells. Mol Cell Endocrinol 75，Rl-6. 
Hinshelwood, M. M.，Corbin, C. J., Tsang, P. C. & Simpson，E. R. (1993). 
Isolation and characterization of a complementary deoxyribonucleic acid 
insert encoding bovine aromatase cytochrome P450. Endocrinology 133, 
1971-7. 
Hutchinson, L. A., Findlay, J. K., de Vos，F. L. & Robertson, D. M. (1987). Effects 
of bovine inhibin, transforming growth factor-jS and bovine Activin-A on 
granulosa cell differentiation. Biochem Biophys Res Commun 146, 
1405-12. 
Hyllner, S. J., Silversand, C. & Haux，C. (1994). Formation of the vitelline 
envelope precedes the active uptake of vitellogenin during oocyte 
development in the rainbow trout, Oncorhynchus my kiss. Mol Reprod Dev 
39，166-75. 
Ijiri, S.，Berard, C. & Trant, J. M. (2000). Characterization of gonadal and 
extra-gonadal forms of the c D N A encoding the Atlantic stingray (Dasyatis 
sabina) cytochrome P450 aromatase (CYP19). Mol Cell Endocrinol 164, 
169-81. 
Ijiri, S.，Kazeto, Y.，Lokman, P. M.’ Adachi, S. & Yamauchi，K. (2003). 
Characterization of a c D N A encoding P-450 aromatase (CYP19) from 
Japanese eel ovary and its expression in ovarian follicles during induced 
ovarian development. Gen Comp Endocrinol 130, 193-203. 
Jackson, K.，Goldberg, D.，Ofir, M., Abraham, M. & Degani, G. (1999). Blue 
gourami (Trichogaster trichopterus) gonadotropic P subunits (I and II) 
c D N A sequences and expression during oogenesis. J Mol Endocrinol 23， 
177-87. 
Janz，D. M . & Van Der Kraak, G. (1997). Suppression of apoptosis by 
gonadotropin, 17/3-estradiol, and epidermal growth factor in rainbow trout 
preovulatory ovarian follicles. Gen Comp Endocrinol 105，186-93. 
Jones, J. I. & Clemmons，D. R. (1995). Insulin-like growth factors and their 
binding proteins: biological actions. Endocr Rev 16, 3-34. 
98 
Kadmon, G.，Yaron, Z. & Gordin，H. (1985). Sequence of gonadal events and 
oestradiol levels in Sparus aurata (L.) under two photoperiod regimes. J 
Fish Biol 26, 609-620. 
Kagawa，H.，Gen, K.，Okuzawa, K. & Tanaka，H. (2002). Effects of Luteinizing 
Hormone and Follicle Stimulating Hormone and Insulin-Like Growth 
Factor-I on Aromatase Activity and P450 Aromatase Gene Expression in 
the Ovarian Follicles of Red Seabream, Pagrus major. Biol Reprod. 
Kagawa, H.，Gen, K., Okuzawa, K. & Tanaka，H. (2003). Effects of luteinizing 
hormone and follicle-stimulating hormone and insulin-like growth factor-I 
on aromatase activity and P450 aromatase gene expression in the ovarian 
follicles of red seabream, Pagrus major. Biol Reprod 68，1562-8. 
Kagawa, H.，Kobayashi, M ” Hasegawa, Y. & Aida，K. (1994a). Insulin and 
insulin-like growth factors I and II induce final maturation of oocytes of 
red seabream, Pagrus major, in vitro. Gen Comp Endocrinol 95, 293-300. 
Kagawa, H.，Moriyama, S. & Kawauchi，H. (1995). Immunocytochemical 
localization of IGF-I in the ovary of the red seabream, Pagrus major. Gen 
Comp Endocrinol 99，307-15. 
Kagawa, H.，Tanaka, H., Okuzawa, K. & Hirose, K. (1994b). Development of 
maturational competence of oocytes of red seabream, Pagrus major, after 
human chorionic gonadotropin treatment in vitro requires R N A and protein 
synthesis. Gen Comp Endocrinol 94，199-206. 
Kagawa, H.，Young, G. & Nagahama, Y. (1983). Relationship between seasonal 
plasma estradiol-17/3 and testosterone levels and in vitro production by 
ovarian follicles of amago salmon {Oncorhynchus rhodurus). Biol Reprod 
29, 301-9. 
Kagawa, H.，Young, G. & Nagahama，Y. (1984). In vitro estradiol-ITjS and 
testosterone production by ovarian follicles of the goldfish, Carassius 
auratus. Gen Comp Endocrinol 54, 139-43. 
Kajimoto, Y. & Rotwein, P. (1989). Structure and expression of a chicken 
insulin-like growth factor I precursor. Mol Endocrinol 3，1907-13. 
99 
Kajimoto, Y. & Rotwein，P. (1990). Evolution of insulin-like growth factor I 
(IGF-I): structure and expression of an IGF-I precursor from Xenopus 
laevis. Mol Endocrinol 4, 217-26. 
Kajimura, S.，Yoshiura, Y.，Suzuki, M. & Aida，K. (2001). c D N A cloning of two 
gonadotropin (3 subunits (GTH-I/3 and -11/3) and their expression profiles 
during gametogenesis in the Japanese flounder {Paralichthys olivaceus). 
Gen Comp Endocrinol 122, 117-29. 
Kanamori, A., Adachi, S. & Nagahama，Y. (1988). Developmental changes in 
steroidogenic responses of ovarian follicles of amago salmon 
(Oncorhynchus rhodurus) to chum salmon gonadotropin during oogenesis. 
Gen Comp Endocrinol 72, 13-24. 
Kanamori, A. & Nagahama, Y. (1988). Involvement of 3',5'-cyclic adenosine 
monophosphate in the control of follicular steroidogenesis of amago 
salmon {Oncorhynchus rhodurus). Gen Comp Endocrinol 12, 39-53. 
Kato, Y.，Gen, K., Maruyama, O.，Tomizawa, K. & Kato，T. (1993). Molecular 
cloning of cDNAs encoding two gonadotrophin beta subunits (GTH-IjS 
and -IljS) from the masu salmon, Oncorhynchus masou: rapid divergence 
of the GTH-I beta gene. J Mol Endocrinol 11，275-82. 
Kazeto, Y.，Ijiri, S.，Place, A. R., Zohar, Y. & Trant, J. M. (2001). The S'-flanking 
regions of CYP19A1 and CYP19A2 in zebrafish. Biochem Biophys Res 
Commun 288, 503-8. 
Kermouni, A” Mahmoud, S. S.，Wang, S.，Moloney, M. & Habibi, H. R. (1998). 
Cloning of a full-length insulin-like growth factor-I complementary D N A 
in the goldfish liver and ovary and development of a quantitative PCR 
method for its measurement. Gen Comp Endocrinol 111，51-60. 
Kishi, H.，Minegishi，T., Tano, M.，Kameda，T., Ibuki, Y. & Miyamoto, K. (1998). 
The effect of activin and FSH on the differentiation of rat granulosa cells. 
FEES Lett All, 274-8. 
Kishida, M . & Callard，G. V. (2001). Distinct cytochrome P450 aromatase 
isoforms in zebrafish (Danio rerio) brain and ovary are differentially 
100 
programmed and estrogen regulated during early development. 
Endocrinology 142，740-50. 
Knight, P. G. & Glister, C. (2001). Potential local regulatory functions of inhibins, 
activins and follistatin in the ovary. Reproduction 121, 503-12. 
Kwon, J. Y.，McAndrew, B. J. & Penman, D. J. (2001). Cloning of brain 
aromatase gene and expression of brain and ovarian aromatase genes 
during sexual differentiation in genetic male and female Nile tilapia 
Oreochromis niloticus. Mol Reprod Dev 59, 359-70. 
Leung, P. C. & Steele, G. L. (1992). Intracellular signaling in the gonads. Endocr 
13，476-98. 
Li, R.，Phillips, D. M. & Mather，J. P. (1995). Activin promotes ovarian follicle 
development in vitro. Endocrinology 136，849-56. 
Liang, Y. H.，Cheng, C. H. & Chan，K. M. (1996). Insulin-like growth factor IEa2 
is the predominantly expressed form of IGF in common carp {Cyprinus 
carpio). Mol Mar Biol Biotechnol 5, 145-52. 
Lin, Y. W.，Rupnow, B. A., Price, D. A., Greenberg, R. M. & Wallace，R. A. 
(1992). Fundulus heteroclitus gonadotropins. 3. Cloning and sequencing 
of gonadotropic hormone (GTH) I and II jS-subunits using the polymerase 
chain reaction. Mol Cell Endocrinol 85，127-39. 
Lin, Y,W. P., Petrino, T. R. & Wallace，R. A. (1991). Proceedings of Fouth 
International Symposium on the Reproductive Physiology of Fish, 
FishSymp 91, Sheffield, UK. 
Ling, N” Ying, S. Y.，Ueno，N.，Shimasaki, S.，Esch, R, Hotta, M. & Guillemin, R. 
(1986a). A homodimer of the beta-subunits of inhibin A stimulates the 
secretion of pituitary follicle stimulating hormone. Biochem Biophys Res 
Commun 138，1129-37. 
Ling, N.，Ying, S. Y.，Ueno, N.，Shimasaki, S.，Esch, R, Hotta, M. & Guillemin, R. 
(1986b). Pituitary FSH is released by a heterodimer of the /3-subunits from 
the two forms of inhibin. Nature 321，779-82. 
101 
Lorenzo, P. L., Rebollar, P. G, Illera, M. J., Illera, J. C., Illera, M. & Alvarino，J. 
M . (1996). Stimulatory effect of insulin-like growth factor I and epidermal 
growth factor on the maturation of rabbit oocytes in vitro. J Reprod Fertil 
107, 109-17. 
Lund, P. K. (1994). Insulin-like growth factor I: molecular biology and relevance 
to tissue-specific expression and action. Recent Prog Norm Res 49, 
125-48. 
Maestro, M . A., Planas, J. V., Moriyama, S., Gutierrez, J.，Planas, J. & Swanson，P. 
(1997). Ovarian receptors for insulin and insulin-like growth factor I 
(IGF-I) and effects of IGF-I on steroid production by isolated follicular 
layers of the preovulatory coho salmon ovarian follicle. Gen Comp 
Endocrinol 106，189-201. 
Marsh, J. M. (1976). The role of cyclic A M P in gonadal steroidogenesis. Biol 
Reprod 14，30-53. 
Mason, A. J., Berkemeier, L. M., Schmelzer, C. H. & Schwall，R. H. (1989). 
Activin B: precursor sequences, genomic structure and in vitro activities. 
Mol Endocrinol 3, 1352-8. 
Mason, H. D., Margara, R.，Winston, R. M.，Beard, R. W., Reed, M. J. & Franks， 
S. (1990). Inhibition of oestradiol production by epidermal growth factor 
in human granulosa cells of normal and polycystic ovaries. Clin 
Endocrinol (Oxfi 33,511-1. 
Mason, H. D.，Margara, R.，Winston, R. M.，Seppala, M.，Koistinen, R. & Franks, 
S. (1993). Insulin-like growth factor-I (IGF-I) inhibits production of 
IGF-binding protein-1 while stimulating estradiol secretion in granulosa 
cells from normal and polycystic human ovaries. J Clin Endocrinol Metab 
76，1275-9. 
Mather, J. P., Moore, A. & Li, R. H. (1997). Activins, inhibins, and follistatins: 
further thoughts on a growing family of regulators. Proc Soc Exp Biol Med 
215,209-22. 
McGee, E. A. & Hsueh，A. J. (2000). Initial and cyclic recruitment of ovarian 
follicles. Endocr Revll, 200-14. 
102 
McPhaul, M. J., Noble, J. F.，Simpson, E. R.’ Mendelson, C. R. & Wilson, J. D. 
(1988). The expression of a functional c D N A encoding the chicken 
cytochrome P-450arom (aromatase) that catalyzes the formation of 
estrogen from androgen. J Biol Chem 263，16358-63. 
McRory, J. E. & Sherwood，N. M. (1994). Catfish express two forms of 
insulin-like growth factor-I (IGF-I) in the brain. Ubiquitous IGF-I and 
brain-specific IGF-L J Biol Chem 269，18588-92. 
Meunier, H.，Rivier, C.，Evans, R. M. & Vale，W. (1988). Gonadal and 
extragonadal expression of inhibin a, ^ A, and ^B subunits in various 
tissues predicts diverse functions. Proc Natl Acad Sci USA 85, 247-51. 
Mikawa, S” Yoshikawa, G，Yamano, Y.，Sakai, H.，Komano, T., Hosoi，Y. & 
Utsumi, K. (1995). Tissue- and development-specific expression of goat 
insulin-like growth factor-I (IGF-I) mRNAs. Biosci Biotechnol Biochem 
59, 759-61. 
Minegishi, T., Kishi, H.，Tano, M., Kameda, T.，Hirakawa, T. & Miyamoto，K. 
(1999). Control of FSH receptor m R N A expression in rat granulosa cells 
by 3,�5,-cyclic adenosine monophosphate, activin, and follistatin. Mol Cell 
Endocrinol 149，71-7. 
Minegishi, T.，Tano, M.，Nakamura, K., Karino, S.，Miyamoto, K. & Ibuki，Y. 
(1995) . Regulation of follicle-stimulating hormone receptor messenger 
ribonucleic acid levels in cultured rat granulosa cells. Mol Cell Endocrinol 
108，67-73. 
Miro, F. & Hillier, S. G (1992). Relative effects of activin and inhibin on steroid 
hormone synthesis in primate granulosa cells. J Clin Endocrinol Metab 75, 
1556-61. 
Miro, F. & Hillier, S. G. (1996). Modulation of granulosa cell deoxyribonucleic 
acid synthesis and differentiation by activin. Endocrinology 137，464-8. 
Miro, R, Smyth, C. D. & Hillier，S. G (1991). Development-related effects of 
recombinant activin on steroid synthesis in rat granulosa cells. 
Endocrinology 129, 3388-94. 
103 
Miwa, S.，Yan, L. & Swanson，P. (1994). Localization of two gonadotropin 
receptors in the salmon gonad by in vitro ligand autoradiography. Biol 
Reprod 50, 629-42. 
Monget, P. & Monniaux，D. (1995). Growth factors and the control of 
folliculogenesis. J Reprod Fertil Suppl 49，321-33. 
Moore, L. G, Jones, D.，Lymbum, M. A., Hodgkinson, S. C., Davis, S. R.，Suttie, 
J. M.，Sadighi, M. & Came，A. (1993). Isolation and sequencing of deer 
and sheep insulin-like growth factors-I and -II. Gen Comp Endocrinol 92, 
302-10. 
Mukasa, C.，Nomura, M.，Tanaka, T., Tanaka, K.，Nishi, Y., Okabe, T.，Goto, K., 
Yanase, T. & Nawata，H. (2003). Activin signaling through type IB activin 
receptor stimulates aromatase activity in the ovarian granulosa cell-like 
human granulosa (KGN) cells. Endocrinology 144，1603-11. 
Nagahama, Y. (1994). Endocrine regulation of gametogenesis in fish. Int J Dev 
5/0/38,217-29. 
Nagahama, Y.，Matsuhisa, A.，Iwamatsu, T.，Sakai, N. & Fukada，S. (1991). A 
mechanism for the action of pregnant mare serum gonadotropin on 
aromatase activity in the ovarian follicle of the medaka, Oryzias latipes. J 
Exp Zool 259, 53-58. 
Nagahama, Y.，Yoshikuni, M., Yamashita, M., Tokumoto, T. & Katsu, Y. (1995). 
Regulation of oocyte growth and maturation in fish. Curr Top Dev Biol 30， 
103-45. 
Nagamatsu, S.，Chan, S. J., Falkmer, S. & Steiner，D. F. (1991). Evolution of the 
insulin gene superfamily. Sequence of a preproinsulin-like growth factor 
c D N A from the Atlantic hagfish. J Biol Chem 266, 2397-402• 
Nahum, R.，Beyth, Y.，Chun, S. Y., Hsueh, A. J. & Tsafriri, A. (1996). Early onset 
of deoxyribonucleic acid fragmentation during atresia of preovulatory 
ovarian follicles in rats. Biol Reprod 55, 1075-80. 
Nakamura, K.，Nakamura, M.，Igarashi, S.，Miyamoto, K., Eto, Y., Ibuki, Y. & 
104 
Minegishi, T. (1994). Effect of activin on luteinizing hormone-human 
chorionic gonadotropin receptor messenger ribonucleic acid in granulosa 
cells. Endocrinology 134, 2329-35. 
Nakamura, M., Specker, J. L. & Nagahama，Y. (1993). Ultrastructural analysis of 
the developing follicle during early vitellogenesis in tilapia, Oreochromis 
niloticus, with special reference to the steroid producing cells. Cell & 
Tissue Res 272，33-39. 
Nebert, D. W. & Gonzalez, F. J. (1987). P450 genes: structure, evolution, and 
regulation. Annu Rev Biochem 56，945-93. 
Norberg, B.，Bjomsson，B. T.，Brown, C. L.，Wichardt, U. P., Deftos, L. J. & Haux, 
C. (1989). Changes in plasma vitellogenin, sex steroids, calcitonin, and 
thyroid hormones related to sexual maturation in female brown trout 
{Salmo trutta). Gen Comp Endocrinol 75, 316-26. 
Oda, S.，Nishimatsu, S.，Murakami, K. & Ueno，N. (1995). Molecular cloning and 
functional analysis of a new activin /5 subunit: a dorsal mesoderm-inducing 
activity in Xenopus. Biochem Biophys Res Commun 210，581-8. 
Olivereau, M. & Callard，G. (1985). Distribution of cell types and aromatase 
activity in the sculpin {Myoxocephalus) pituitary. Gen Comp Endocrinol 
58, 280-90. 
Olsson, J. H.，Carlsson, B. & Hillensjo，T. (1990). Effect of insulin-like growth 
factor I on deoxyribonucleic acid synthesis in cultured human granulosa 
CQWS. Fertil Steril 54，1052-7. 
Oppen-Bemtsen, D. 0” Olsen, S. O.，Rong, C. J.，Taranger，G. L” Swanson，P. & 
Walther, B. T. (1994). Plasma levels of eggshell zr-proteins, estradiol-17/3, 
and gonadotropins during an annual reproductive cycle of atlantic salmon 
{Salmo salar). J Exp Zool 268’ 59-70. 
Otte, K.，Rozell, B.，Gessbo, A. & Engstrom, W. (1996). Cloning and sequencing 
of an equine insulin-like growth factor I c D N A and its expression in fetal 
and adult tissues. Gen Comp Endocrinol 102, 11-5. 
Pang, Y. & Ge，W. (1999). Activin stimulation of zebrafish oocyte maturation in 
105 
vitro and its potential role in mediating gonadotropin-induced oocyte 
maturation. Biol Reprod 61，987-92. 
Pang, Y. & Ge，W. (2002). Gonadotropin and activin enhance maturational 
competence of oocytes in the zebrafish {Danio rerid). Biol Reprod 66， 
259-65. 
Petrino, T. R., Lin, Y. W. & Wallace, R. A. (1989). Steroidogenesis in Fundulus 
heteroclitus. I. Production of 17Q;-hydroxy,20/3-dihydroprogesterone, 
testosterone, and 17j3-estradiol by prematurational follicles in vitro. Gen 
Comp Endocrinol 73，147-56. 
Pierce, J. G & Parsons, T. F. (1981). Glycoprotein hormone: structure and 
function. Amu Rev Biochem 50, 465-495. 
Planas, J. V.，Athos, J., Goetz, F. W. & Swanson，P. (2000). Regulation of ovarian 
steroidogenesis in vitro by follicle-stimulating hormone and luteinizing 
hormone during sexual maturation in salmonid fish. Biol Reprod 62, 
1262-9. 
Prat, F.，Sumpter, J. P. & Tyler，C. R. (1996). Validation of radioimmunoassays for 
two salmon gonadotropins (GTH I and G T H II) and their plasma 
concentrations throughout the reproductivecycle in male and female 
rainbow trout {Oncorhynchus my kiss). Biol Reprod 54, 1375-82. 
Querat, B.，Moumni, M.，Jutisz, M., Fontaine, Y. A. & Counis，R. (1990). 
Molecular cloning and sequence analysis of the c D N A for the putative 
subunit of the type-II gonadotrophin from the European eel. J Mol 
Endocrinol 4，257-64. 
Rabinovici, J., Spencer, S. J.，Doldi, N.，Goldsmith, P. C.，Schwall, R. & Jaffe, R. 
B. (1992). Activin-A as an intraovarian modulator: actions, localization, 
and regulation of the intact dimer in human ovarian cells. J Clin Invest 89, 
1528-36. 
Richards, J. S., Fitzpatrick, S. L.，Clemens, J. W., Morris, J. K.，Alliston, T. & 
Sirois, J. (1995). Ovarian cell differentiation: a cascade of multiple 
hormones, cellular signals, and regulated genes. Recent Prog Horm Res 50, 
223-54. 
106 
Rinderknecht, E. & Humbel, R. E. (1978). The amino acid sequence of human 
insulin-like growth factor I and its structural homology with proinsulin. J 
Biol Chem 253，2769-76. 
Roberts, C. T.，Jr., Lasky, S. R.，Lowe, W. L., Jr., Seaman, W. T. & LeRoith, D. 
(1987). Molecular cloning of rat insulin-like growth factor I 
complementary deoxyribonucleic acids: differential messenger ribonucleic 
acid processing and regulation by growth hormone in extrahepatic tissues. 
Mol Endocrinol 
Rosenblum, P. M.，Pudney, J. & Callard，I. P. (1987). Gonadal morphology, 
enzyme histochemistry and plasma steroid levels during the annual 
reproductive cycle of male and female brown bullhead catfish, Ictalurus 
nebulosus Lesueur. J Fish Bio! 325-341. 
Sakaguchi, M., Dominko, T.，Leibfried-Rutledge, M. L., Nagai, T. & First, N. L. 
(2000). A combination of EGF and IGF-I accelerates the progression of 
meiosis in bovine follicular oocytes in vitro and fetal calf serum 
neutralizes the acceleration effect. Theriogenology 54, 1327-42. 
Sakai, N.，Iwamatsu, T.，Yamauchi, K. & Nagahama, Y. (1987). Development of 
the steroidogenic capacity of medaka {Oryzias latipes) ovarian follicles 
during vitellogenesis and oocyte maturation. Gen Comp Endocrinol 66, 
333-42. 
Sampath Kumar, R.，Ijiri, S. & Trant，J. M. (2000). Changes in the expression of 
genes encoding steroidogenic enzymes in the channel catfish {Ictalurus 
punctatus) ovary throughout a reproductive cycle. Biol Reprod 63， 
1676-82. 
Sasano，H. & Harada，N. (1998). Intratumoral aromatase in human breast, 
endometrial, and ovarian malignancies. Endocr Rev 19, 593-607. 
Sawetawan, C.，Carr, B. R.，McGee, E., Bird, I. M., Hong, T. L. & Rainey, W. E. 
(1996). Inhibin and activin differentially regulate androgen production and 
17a-hydroxylase expression in human ovarian thecal-like tumor cells. J 
Endocrinol 148，213-21. 
107 
Schmelzer, C. H.，Burton, L. E.’ Tamony, C. M.，Schwall, R. H., Mason, A. J. & 
Liegeois, N. (1990). Purification and characterization of recombinant 
human activin B. Biochim Biophys Acta 1039，135-41. 
Schmid, A. C.，Naf, E., Kloas, W. & Reinecke，M. (1999). Insulin-like growth 
factor-I and -II in the ovary of a bony fish, Oreochromis mossambicus, the 
tilapia: in situ hybridisation, immunohistochemical localisation, Northern 
blot and c D N A sequences. Mol Cell Endocrinol 156, 141-9. 
Schmitt, J.，Hotten, G, Jenkins, N. A.，Gilbert, D. J., Copeland, N. G.，Pohl, J. & 
Schrewe, H. (1996). Structure, chromosomal localization, and expression 
analysis of the mouse inhibin/activin jSC (Inhbc) gene. Genomics 32， 
358-66. 
Scott, A. P., MacKenzie, D. S. & Stacey, N. E. (1984). Endocrine changes during 
natural spawning in the white sucker, Catostomus commersoni. II. Steroid 
hormones. Gen Comp Endocrinol 56, 349-59. 
Scott, A. P., Sumpter, J. P. & Hardiman，P. A. (1983). Hormone changes during 
ovulation in the rainbow trout {Salmo gairdneri Richardson). Gen Comp 
Endocrinol 49, 128-34. 
Selman, K.，Wallace, R. A.，Sarka, A. & Qi, X. (1993). Stages of oocyte 
development in zebrafish, Branchydanio rerio. JMorph 218, 203-224. 
Shamblott, M . J. & Chen，T. T. (1992). Identification of a second insulin-like 
growth factor in a fish species. Proc Natl Acad Sci USA^9, 8913-7. 
Shukovski, L.，Dyson, M. & Findlay，J. K. (1993). The effects of follistatin， 
activin and inhibin on steroidogenesis by bovine thecal cells. Mol Cell 
Endocrinol 97, 19-27. 
Shukovski, L. & Findlay，J. K. (1990). Activin-A inhibits oxytocin and 
progesterone production by preovulatory bovine granulosa cells in vitro. 
Endocrinology 126, 2222-4. 
Silva, J. M . & Price，C. A. (2002). Insulin and IGF-I are necessary for 
FSH-induced cytochrome P450 aromatase but not cytochrome P450 
side-chain cleavage gene expression in oestrogenic bovine granulosa cells 
108 
in vitro. J Endocrinol 174，499-507. 
Simpson, E. R. (2000). Genetic mutations resulting in loss of aromatase activity in 
humans and mice. JSoc GynecolInvestig 7，SI8-21. 
Simpson, E. R.，Mahendroo, M. S.，Means, G D.，Kilgore, M. W., Hinshelwood, 
M. M.，Graham-Lorence, S.，Amameh, B., Ito, Y.，Fisher, C. R.，Michael, 
M . D. & et al. (1994). Aromatase cytochrome P450, the enzyme 
responsible for estrogen biosynthesis. Endocr Rev 15, 342-55. 
Singh, H., Griffith, R. W.，Takahashi, A.，Kawauchi, H.，Thomas, P. & Stegeman, J. 
J. (1988). Regulation of gonadal steroidogenesis in Fundulus heteroclitus 
by recombinant salmon growth hormone and purified salmon prolactin. 
Gen Comp Endocrinol 72, 144-53. 
Slater, C. H.，Schreck, C. B. & Swanson，P. (1994). Plasma profiles of sex steroids 
and gonadotropins in maturing female spring chinook salmon 
(Oncorhynchus tshawytscha). Comp Biochem Physiol 109A, 167-175. 
Steinkampf, M . P., Mendelson, C. R. & Simpson, E. R. (1987). Regulation by 
follicle-stimulating hormone of the synthesis of aromatase cytochrome 
P-450 in human granulosa cells. Mol Endocrinol 1, 465-71. 
Steinkampf, M. P., Mendelson, C. R. & Simpson，E. R. (1988). Effects of 
epidermal growth factor and insulin-like growth factor I on the levels of 
m R N A encoding aromatase cytochrome P-450 of human ovarian 
granulosa cells. Mol Cell Endocrinol 59, 93-9. 
Suzuki, K., Kanamori, A., Nagahama, Y. & Kawauchi，H. (1988). Development of 
salmon G T H I and G T H II radioimmunoassays. Gen Comp Endocrinol 71， 
459-67. 
Tan, J. D.，Adachi, S. & Nagahama, Y. (1986). The in vitro effects of cyclic 
nucleotides, cyanoketone，and cycloheximide on the production of 
estradiol-17/3 by vitellogenic ovarian follicles of goldfish {Carassius 
auratus). Gen Comp Endocrinol 63, 110-6. 
Tanaka, M.，Telecky, T. M.，Fukada, S.，Adachi, S., Chen, S. & Nagahama, Y. 
(1992). Cloning and sequence analysis of the c D N A encoding P-450 
109 
aromatase (P450arom) from a rainbow trout iOncorhynchus rnykiss) ovary; 
relationship between the amount ofP450arom m R N A and the production 
ofoestradiol-170 in the ovary. J Mol Endocrinol 8，53-61. 
Tchoudakova, A. & Callard，G V. (1998). Identification of multiple CYP19 genes 
encoding different cytochrome P450 aromatase isozymes m brain and 
ovary. Endocrinology 139, 2179-89. 
Terashima, M.，Toda, K., Kawamoto, T.，Kuribayashi, I” Ogawa, Y” Maeda, T. & 
Shizuta, Y. (1991). Isolation of a full-length c D N A encoding mouse 
aromatase P450. Arch Biochem Biophys 285，231-7. 
Thomas P Pinter, J. & Das，S. (2001). Upregulation of the maturation-inducing 
s U i d membrane receptor in spotted seatrout ovaries by gonadotropin 
during oocyte maturation and its physiological significance. Biol Reprod 
64,21-9. 
Tilly, J L，Billig, H.，Kowalski, K. I. & Hsueh, A. J. (1992). Epidermal growth 
，factor and basic fibroblast growth factor suppress the spontaneous onset of 
apoptosis in cultured rat ovarian granulosa cells and follicles by a tyrosine 
kinase-dependent mechanism. Mol Endocrinol 6，1942-50. 
Toda K Takeda, K.，Okada, T.’ Akira, S.，Saibara, T.，Kaname, T.，Yamamura，K., 
，Onishi s . & S h i z u t a ， Y . (2001). Targeted disruption of the aromatase P450 
gene (Cypl9) in mice and their ovarian and uterine responses to 
17/3-oestradiol. J Endocrinol 170，99-111. 
Trant J M . (1994). Isolation and character izat ion of the c D N A encoding the 
’ channel catfish {Ictalurus punctatus) form of cytochrome P450arom. Gen 
Comp Endocrinol 95，155-68. 
Trant, J. M .�Gavasso, S., Ackers, J . � C h u n g� B . C. & Place, A. R. (2001). 
Developmental expression of cytochrome P450 aromatase genes (CYP19a 
and CYP19b) in zebrafish fry (Danio rerio). J Exp Zool 290，475-83. 
Trant, J. M.，Lehrter, J.，Gregory, T.’ Nunez, S. & Wunder，J. (1997). Expression 
of cytochrome P450 aromatase in the channel catfish, Ictalurus punctatus. 
J Steroid Biochem Mol Biol 61，393-7. 
110 � 
Tsuchiya, M.，Minegishi, T.，Kishi, H.，Tano, M.’ Kameda, T.，Hirakawa, T., Ibuki, 
Y.，Mizutani, T. & Miyamoto，K. (1999). Control of the expression of 
luteinizing hormone receptor by local factors in rat granulosa cells. Arch 
Biochem Biophys 367，185-92. 
Tyler, C. R.，Sumpter, J. P. & Witthames，P. R. (1990). The dynamics of oocyte 
growth during vitellogenesis in the rainbow trout {Oncorhynchus mykiss). 
Biol Reprod A'h, 202-9. 
Vale, W.，Rivier, J., Vaughan, J., McClintock, R.，Corrigan, A., Woo, W., Karr, D. 
& Spiess，J. (1986). Purification and characterization of an FSH releasing 
protein from porcine ovarian follicular fluid. Nature 321，776-9. 
Van der Kraak, G & Donaldson, E. M. (1986). Steroidogenesis capacity of coho 
salmon ovarian follicles throughout the periovulatory period. Fish Physiol 
Biochem 1，179-186. 
Van der Kraak, G, Suzuki, K., Peter, R. E.，Itoh, H. & Kawauchi, H. (1992). 
Properties of common carp gonadotropin I and gonadotropin II. Gen Comp 
Endocrinol 85, 217-29. 
Wallace, R. A. & Selman, K. (1981). Cellular and dynamic aspects of oocyte 
growth in teleosts. Am Zool 21，325-343. 
Wallace, R. A. & Selman，K. (1985). Major protein changes during vitellogenesis 
and maturation of Fundulus oocytes. Dev Biol 110，492-8. 
Wang, Y. & Ge，W. (2003). Involvement of cyclic adenosine 3',5'-monophosphate 
in the differential regulation of activin jSA and /3B expression by 
gonadotropin in the zebrafish ovarian follicle cells. Endocrinology 144, 
491-9. 
Weber, G M. & Sullivan, C. V. (2000). Effects of insulin-like growth factor-I on 
in vitro final oocyte maturation and ovarian steroidogenesis in striped bass, 
Morone saxatilis. Biol Reprod 63, 1049-57. 
White, P. C. (1994). Genetic diseases of steroid metabolism. Vitam Horm 49， 
131-95. 
I l l 
Wibbels，T.，Bull, J. J. & Crews，D. (1991). Synergism between temperature and 
estradiol: a common pathway in turtle sex determination? J Exp Zool 260, 
130-4. 
Woodruff, T. K. (1998). Regulation of cellular and system function by activin. 
Biochem Pharmacol 55, 953-63. 
Wrathall J H. & Knight，P. G (1995). Effects of inhibin-rdated peptides and 
oestradiol on androstenedione and progesterone secretion by bovine theca 
cells in vitro. J Endocrinol 145, 491-500. 
Wu, T.，Patel，H., Mukai, S.，Melino, C.，Garg, R.，Ni，X.，Chang, J. & Peng, C. 
(2000). Activin, inhibin, and follistatin in zebrafish ovary: expression and 
role in oocyte maturation. Biol Reprod 62，1585-92. 
Xiao S & Findlay，J. K. (1991). Interactions between activin and 
，follicle-stimulating hormone-suppressing protein and their mechanisms of 
action on cultured rat granulosa cells. Mol Cell Endocrinol 79，99-107. 
Xiao S Findlay, J. K. & Robertson，D. M. (1990). The effect of bovine activin 
，and follicle-stimulating hormone (FSH) suppressing protein/follistatin on 
FSH-induced differentiation of rat granulosa cells in vitro. Mol Cell 
Endocrinol 69, 1-8. 
Yam, K. M ” Yoshiura, Y., Kobayashi, M. & Ge, W. (1999a). Recombinant 
，goldfish activin B stimulates gonadotropin-I/3 but inhibits 
gonadotropin-II /? expression in the goldfish, Carassius auratus. Gen Comp 
Endocrinol 
Yam, K. M.，Yu, K. L. & Ge, W. (1999b). Cloning and characterization of goldfish 
activin jSA subunit. Mol Cell Endocrinol 154，45-54. 
Yan, L.，Swanson, P. & Dickhoff, W. W. (1992). A two-receptor model for salmon 
gonadotropins (GTH I and G T H II). Biol Reprod 47, 418-27. 
Yandell, C.，Francis, G. L.，Wheldrake, J. F. & Upton，Z. (1996). Evolution of 
mammalian insulin-like growth factors (IGFs): Purification, sequence 
information and characterization of kangaroo IGF-I and IGF-II. Proc 
Endocr Soc Aust 39, 52. 
112 
Yong, E. L.，Baird, D. T.，Yates, R.，Reichert, L. E.，Jr. & Hillier，S. G (1992). 
Hormonal regulation of the growth and steroidogenic function of human 
granulosa cells. JC/in Endocrinol Metab 74，842-9. 
Yoshiura, Y., Kobayashi, M.，Kato，Y. & Aida, K. (1997). Molecular cloning of the 
cDNAs encoding two gonadotropin beta subunits (GTH-I^ and -11(3) from 
the goldfish, Carassius auratus. Gen Comp Endocrinol 105，379-89. 
Yoshiura, Y., Suetake, H. & Aida，K. (1999). Duality of gonadotropin in a 
primitive teleost, Japanese eel {Anguillajaponica). Gen Comp Endocrinol 
114，121-31. 
Young, G, Adachi, S. & Nagahama, Y. (1986). Role of ovarian thecal and 
'granulosa layers in gonadotropin-induced synthesis of a salmonid 
maturation inducing substance {Mot, 20^-dihydroxy-4-pregnen-3-one). 
Dev 5/0/118, 1-8. 
Young, G，Crim，L. W.，Kagawa, H” Kambegawa, A. & Nagahama，Y. (1983a). 
'plasma 17a; 20/3-dihydroxy-4-pregnen-3-one levels during sexual 
maturation of amago salmon (Oncorhynchus rhodurus): correlation with 
plasma gonadotropin and in vitro production by ovarian follicles. Gen 
Comp Endocrinol 51,96-105. 
Young, G, Kagawa, H. & Nagahama, Y. (1983b). Evidence for a decrease in 
aromatase activity in the ovarian granulosa cells of amago salmon 
{Oncorhynchus rhodurus) associated with final oocyte maturation. Biol 
Reprod 29,310-5. 
Young, G, Ueda, H. & Nagahama, Y. (1983c). Estradiol-170 and 17o; 
20|8-dihydroxy-4-pregnen-3-one production by isolated ovarian follicles of 
amago salmon {Oncorhynchus rhodurus) in response to mammalian 
pituitary and placental hormones and salmon gonadotropin. Gen Comp 













. . . . .
：
 
. - I 
. 




































: ( ( 、 ， " *



































 ： ‘ V
 f 
. .
 . . . . V
 <






 : J . '



























 « • 
. . . .
A t - .
 (
-f . U . . V . .














> * r . v 、 ； - -








 . . . .
 J . ” - -
:. . . : •
 . :
 .
 . . . ” - . - : . •
 
, v . v
 
• 
. . . . ‘ . .
 


























































‘ . ； . ； ： 。 、 ： ？ r v 






 / . . . 









- I . ; ; . ,
 










 . . . . . 

















































CUHK L i b r a r i e s 
aDMD7fi3MD 
